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Abstract

There is increasing interest in the use of small field of view (SFOV) portable gamma
camera in medical imaging. A novel hybrid optiecgamma camera (HG) has been
developed through a collaboration between the Universities of Leicester and
Nottingham. This system offers high resolution gamma and optical imaging and shows
potential for use at the patient bedsiein the operating theatréheaim of this thesis
wasto translatehe HGC technologyrom in vitro laboratory studies to clinicaisein

human subjects

Pilot studies were undertaken with the HGC as part of this thesis. Furthermore, efforts
have been made to transform the HGC technologiesinew medical device, known

as Nebuleye. Initial physical evaluation of the-preduction prototype camera was
carried out as part of the device developmental process, highlighting some aspects of
the design that require further modification. A compéetd rigorous testing scheme to
assesghe pre-production prototype camera has been developed and successfully
implemented. The newly introduced tests enabled the system unyforsggtem
sensitivity, detectorhead shielding leakage, optiggdmma image &nment and
optical image quality of the hybrid camera to be assessed objectively. This harmonised
testing scheme allows characterisation and direct comparison of SFOV gamma

cameras.

In vitro andin vivo preclinical imaging was undertaken to examinegégormance of

the SFOV gamma cameras for experimental animal studies. The results ofsindyal

have shown for the first timthe feasibility and performance dheseSFOV gamma
cameras for imaging mice injected witmewly developed!lin labelled hylid tracer.

Further investigations are needed to improve the system resolution and prepare the

camera system for combined gamnear infrared fluorescence imaging in future.

A systematidn vitro laboratory assessmemtethod has beeestablishedo examne
theimagingperformance othe SFOV gamma cameia radioguided sentinel lymph
node biopsy (SLNB) and radioactive seed localisation procedurdsdast cancer

surgery Further preparatory work was undertaken to carry out a pilot clinical trial of
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theuse ofthe pre-production prototype camera in sentinel node localisation procedure
during breast cancer surgery. The clinical study protocol and routine quality control
procedures have been established and are suitable for future use. Baseline data on th
camera performance assessed using the routine quality control scheenbebn

obtained.

Finally, the capabilities of the SFOV gamma camera were assessed. This has provided
baseline data on user feedback and the imaging consequences on operator motion
effects, as well as examining the detectability of a range of radionuclides, including
9mrc, 10, 123 129 and’>Se. The first clinical results of the use of the Hi@Elinical

hybrid opticalgamma imaging in patienesdministered wit?*™Tc and'? labelled
radiopharmaceuticals have been reported. This clisttaly has demonstrated the
feasibility and capability of HGC in various clinical applications performed at the
patient bedside, which includgmtients undergoing bone, thyroid, lacrimal deaje

and lymphatic imaging as well as DaTscan studies.

In conclusion, the work in this thesis has demonstrated the successful translation of
SFOV hybrid gamma camera for clinical us€his system would be ideally suited for
use in the operating th#e for radioguided procedures such as sentinel node detection
and tumour localisation. This system also offers potential for use with the new

generation of hybrid fluorescerddionuclide tracers currently under development.
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Chapter 1

| ntroduction

1.1 DiagnosticNuclear Medicine

The discovery of natural radioactivity in uraniwrein 1896 by Henri Becquerel led

to the further discovery of other new radioactive elements by Marie Curie, who first
used theditoemarcrhs vé@éda and Or ad-il92@scGeorgeidey 6 .
Hevesy carried out studies of metabolic pathways by administering radiosudide
rats, thusestablising the principle of theadiaracer. Frédéric Joliot Curie and Irene
Joliot Curie repodd the first production of artificial radioactive material in 198§
and it is believed thalohn H. Lawrenclas successfully made his first attempt to treat
leukaemia by using an artificial radionuclide, named phospzR2{8]. These studies

established the fundamental principlesthe application of radionuclides in medicine.

There are thremaintypes of nuclear medicine procedpracticed worldwide, namely
imaging procedures, namaging procedures and therapeutic proceduDesynostic
nuclear medicine ighe medical speciality that utilises radioactive tracers in the
diagnosis of disease. it based orthe understanding of the physiological uptake and
clearancef an administeredadiolabelled tracéknown as a radiopharmaceutidahce
administeredo the patient the radiopharmaceutical witincentrate in the orgasr
system of interest while emittirrgdiation, principally gamma rays due to the physical
process of radioactive decalhe energy of these gammhbotonsallows a significant
number to penetrate through body tissaesl be detected usirdedicated gamma
cameras and scanners that gaage the spatial distribution of the radioactivity in the
body. Figure 1.1 gives a summary illustration of the processes of a nuclear medicine

imaging
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Figurel.1l: The typical processes of a nuclear medicine imaging procedure. (a) SPEi@Iaging with
patient lying on couch; (b) SPEGIT image oflumbar spine with fracturgc) myocardial perfusion
image (Images taken frof]); and (d)whole body bone scintigraphy (Image taken frgt})

Imaging studies requirémaging systemsuch asgammacameras Single Photon
Emission Computed Tomography (SPE@nhY Positron Emission Tomography (PET)
camerasystemsto acquire thegammaimages of radioactivity distributiorwithin the
patien® body. This technology plays an important roletireidentification of a range

of medical conditions including malignant diseases, heart disease, brain disorders and
organ function. These gamma images compliment other diagnostic information
provided by imaging techniques such as computed tomography (CT), magnetic
resonance imaging (MRI) and ultrasonography to improve the accuracy in disease
diagnosis, cancer treatments planning and evaluating treatment response. With the
widespread development ofuclear imaging and computer emission tomography
technology, there are about 33 million diagnostic nuclear medicine examinations

carried out globally in a ye§5].

1.1.1 Physics in NuclearMedicine

Radiation is a form of energy. There are two types of radiation used in nuclear medicine,
particulate radiation and electromagnetic radigtiomhich are emitted from
radionuclides through thedioactive decay processd3articulate radiation isnergy

in the form of kinetic energy of mass in motion, origingtfrom the process of
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radioactive decay, nuclear reactions &ndh cosmic rays. Examples of these radiations

are energetic electrone)( protons ), neutronsf) and alpha particles).

Electromagnetic radiation is a form of energy in motion with no mass and charge. It
propagates through space as either waves or discrete packets of energy, called photons

or guanta, at the speed of light by oscillating electrical and magnetic. fitas
relationship of wa ndtheeldrontagnetieradiatiod is fivere q u e n
by Equationl.1.

wherec is the velocity of light in vacuum, which is poximately 3 x10° m.s. The

basic unit ofenergyis theelectron volt(eV). One eV iglefined as the energy acquired

by an electron when accelerated throughekectric potentialdifferenceof onevolt.

The energyE (in kilo eV) and the wavelengthokit associ ated el ectr ol
(in nanometes) are related byequation1.2. Figure 1.2 illustrates theexamples of

differentform and applications over the range of &hectromagnetispectrum

E=— 12

Visible Ultra- y ... Gamma Cosmic

Radiospectrum Microwave Infrared > :
light violet rays rays

lonizing radiation

\AMIMI

Energy
2 101 109 108 107 10® 105 104 103 1072

Figurel.2: Electromagnetic spectrutaken from[6].
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1.1.1.1 Radioactive decay

An atomic nucleus is characterised by the number of protons and neutronsthéthin
positively charged coreThe combinations of protons and neutrons produce either
stable or unstable nuclei. The ratio of the number of neutrons to the number of protons
(N/2) determines the stability degree of a nucletistadionuclide, whichhas an
unstable nucleus, emitadiation in the process of achieviagnore stable configuration

of protons and neutrons in the nucleus. The proresalled radioactive decay or
radioactive disintegration. It is spontaneous and involves the conversion of noass int
energy. It is described in terms of probabilities and average disintegration rates during
a period of time. If a number of radioactive atofigresent in a radionuclide, the

disintegration rate at that tinfg is given byEquationl.3.

—=-/N 1.3

where/ is the decay constant of the radionuclide. The disintegratiorirateeferred
to as the radioactivity or the activity of the radionuclide and has dimensions of
disintegration per second (dps). The Systeme International (SI) unit of activity is the
becquerel (Bg). From a knowledge of the decay constanthenchitial amount of

radioactivity, the total number of radioactive atoms can be determinedquationl.4.
N=Noe* 14
whereNo andN; are the number of radioactive atomg atO and timet respectively.

Since activityA is proportional to the number of atomdstherefore ican be calculated
by Equationl.5.

A=A 15

The decay factor @ is an exponential function of time Each radionuclide has its
characteristic properties inda the decay mode and type of emissions, the transition

energy and the average lifetime of a nucleus of the radionuclide prior decay process.
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1.1.1.2 Physical half-life

The physicalhalf-life (tv,) of a radionuclidés defined as the time required reducing its

initial activity level to half. It is related to the decay constaby Equationl.6.

_t_ 16

The mean lifd of a radionuclile is the average lifetime of the atoms samplelt is

related to the decay constant andiéfas follows:
L1 :
U=7=—=1.t-44 1.7

For medical applicationshe elimination of a radiopharmaceutiéam any organ or
tissue depends on both thghysical hallife (Tp or ty) and biological haHife (Ty) of
the radiopharmaceuticalhe halflife associated with radioactive decaycategorised
asthe physical ha#fife while biological halflife is defined as the time reqait to
excree half of the administered radiopharmaceutical from biologic systEne

effectivedecay constar(t ¢) is related to and/» by Equationl.8.
X= Pt 1.8
Therefore, the effective halife, Te can be derived dsquationl.9.

4 4y 44
A 49 4/4 19

1.1.2 Radionuclides

The radiation emittefbllowing radioactive decapf a radionuclide durings natural
tendency to achieve stabili@lowsfor manyhealthcare applicationsSluclear medicine
procedures involve thenapping of radioactivity distritions inorgans and tissues
offers informationon thephysiologyand metabolisnof organsandbiologic systems
using sophisticated radiation detectdhese adionuclides arall manmadeandcan
be classifiedas eactorproduced radionuclide@@.g. Molycenum99 and lodinel31)
or acceleratosproduced radionuclidgg.g. Fluorinel8). Tablel.1 shows the physical
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characteristic of radionuclides commonly used in nuclear medicine. The selection of
themedicinalradionuclides for spfic procedure needs to take into considerations of
the following factors:
a) type and energy of emissiangamma photons for imaging, alpha or beta
particles with high energy (~1 MeV) for therapy;
b) physical halflife: relative short halfives (measured in mutes, hours or days);
c) chemical propertiessimple chemical technique for attaching the radionuclide
to the ligand;
d) cost and/or complexity of preparatiogase and relative low cost of production

and ready availability

Tablel.1: Commonly used radionuclide in nuclear medicigaptedrom [7].

Nuclide Physical hdf- Mode of gray energy* gray abundance
life decay (%) (MeV) (%)
Positron Emission Tomography (PET) imaging
#  20.4 min I (100) 0.511 200
(annihilation)
10 min T (100) 0.511 200
(annihilation)
/ 2 min I (100) 0.511 200
(annihilation)
& 110 min T (97) 0.511 194
EC (3) (annihilation)
' A 68 min I (89) 0.511 178
EC (11) (annihilation)
Single Photon Emission Computed Tomography (SPECT) imaging
" A 78hr EC (100) 0.093 40
0.184 20
0.300 17
0.393 5
"YQ 119.78 days EC 0.136 59.2
0.265 59.8

_ i 66hr I (100) 0.181 6
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Nuclide Physical hdf- Mode of gray energy* gray abundance
life decay (%) (MeV) (%)
0.740 12
0.780 4
4 A 6.0hr IT (100) 0.140 90
)y T 2.8days EC (100) 0.171 90
0.245 94
) 13.2hr EC (100) 0.159 83
41 73hr EC (100) 0.167 9.4
X-ray 93
(0.0690.083)
Therapeutic
0 14.3day I (100) - -
W 641h I - -
) 8.0days I (100) 0.284 6
0.364 81
0.637 7
0 6 6.73 days i 0.208 11
Y& 11.44 cys U 0.154 5.6
Note

*grays with abundance less than 4% have not been cited.
d, deuteron; EC, electron capture; f, fission; IT, isomeric transition; n, neutron; p,;pramominutes; hr, hours
Data from Browne E, Finestone RB. Table of Radioadsotopes. New York: Wiley; 1986 arfd].

1.1.3 Radiopharmaceuticak

A radiopharmaceutical is a specific radiotracer in which the radiaeiidilabelled to
amoleculethat has useful biomedical properties for diagnostic or therapeutic purposes.
The biochemical and physiological behaviour can be traced, @itlvéro or in vivo,
following the administration of the radiopharmaceutical, sgbsstly resulting in
diagnostic information or a therapeutic effect. The administration technigiseadly

either orally or intravenously in a single doSkese radiabelled molecules are unique

and easily detected, there are no differences in phyaichthemical properties to the
unlabelled molecules however the label between radionuclide and molecule must be
firmly bounded[9]. In addition,the following factors should be considerethen

selecting diochemical compounds aradiopharmaceutical
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a) nontoxic nature

b) themechanism of localisation in the desired organ or compartment
c) thespecific activity of chemical compound

d) theradiochemical purity

e) thebiological half-life

The synthesif radiopharmaceuticals involves the handloigadioactive substances

and chemical processing designatedadiopharmaceutical production facilitiels
ranges from simple preparation using radiopharmaceutical kits to complex synthesis
process carried out in a purpdsailt hot cell. Dispensing ansupply of radionuclide

at a hospital facility is usually carried out using a radionuclide generator, for example
9Mo/*®™Tc generator. The elution process of this generator is based on the separation
of a short lived daughter radionuclid®"rc) from a bng parent lived radionuclide
(°**Mo). The production methods of theseliopharmaceuticals arequired to adhere

to regulatorycomplianceas required by national authorities such as7d&d and Drug
Administration(FDA) and UKMedicines and HealthcapgoductsRegulatory Agency
(MHRA) and are subject tstrict quality controtests Tablel.2 summarisesommonly

used radiopharmaceuticals in nuclear medigmecedures, in particular SPECT

imaging

Table1.2: Commonly used radiopharmaceuticalSIRECT imaging
Chemical form Clinical Use

9mTc-nanocolloid human serum album Lymphatic imaging

9mTc-Mercaptoacetyltriglycine Renography
9MTc-Macroaggregated Albumin Pulmonaryblood flow (lungscan)
(MAA)

9mTc-Diethylene Triamino Penta Acetic Renalblood fow, function and
Acid (DTPA) excretion (Renogram)

9mTc-Methylene DiPhosphonate (MDP Skeletalstudies bonescan)
9MTc-Sodium Pertechnetate Thyroid, salivary gland, brain and
nasolacrimal drainage imaging

9MTc-Red Blood Cells Cardiacfunction andblood pool scans
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Chemical form Clinical Use
9MTc-Sestamibi Myocardialperfusion
9MTc-Tetrofosmin Myocardialperfusion

9mTc-Hexa Methylene Propylene Amin Cerebrablood flow and scans for

Oxime (HMPAO) infection

123 1oflupane Par ki diseasei@@opamine
transporter imaging

123.Sodium lodide Thyroid scan

1n-pentetreotide Somatostatin receptor scintigraphy

1.2 Gamma Camera

The initial focus of nuclear medicine studieasselated to the measuremaeritthyroid
function. A Geiger counter was placed ove
emitted from thethyroid after the administration df4 [10]. Theratio between the

detected count rateseasure@t neck and a known standard determined the percentage

of thyroid uptakeandprovided an indication of whether thyroid uptake was normal or
abnormal. The disadvantages of this technology et did not outline which pas

of thyroid were abnormal and it deposigeligh radiation dose to the patient.

In 1951, Casseet al.[11] from the University of CaliforniaLos Angeles developed a

moving collimated scintillation detector, calledectilinear scannas shown irFigure

1.3(a). The automated detector was moved backwards and forwards in a series of
parall el |l ines across pat istemheldaspennvbichk whi |
moved synchronously over a sheet of paper producing black rmadktater used a

colour displayto plot thedistribution inproportion to the intensity of gamma rays
detected.

The concept of the gamma camera was inventddabyAnge in 1952whilst working
at the Donner Laboratory, théniversity of California in BerkeleyUSA. The early
prototype consisted of a pinhole collimator arsbdium iodide flat intensifying screen
placed in front of a photographic plate which was ablprtmluce a clinical relevant
image showing gammuay distributions emitted from the patigiigure1.3 (b)). The

sensitivity of the camera was low resulting in long imaging times and requiring
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relatively high amounts of radioadtiy to be administered to the study subject to

produce images.

Anger enhanced the prototype design by replacing the gamma ray detector with a 4

inch diameter scintillator coupled to an array of seven photomultiplier tubes (PMTSs)

and appl i edetbdiAndg etro addattehrnrmi ne t he positio
occurred in the crystal by comparing the voltages collected in individual PMTs.
Typically, a gamma cametansists of @ollimator,scintillation detector, PMTpulse

height analyser, X postioning circuitsandan image displawith an imageecording

or storagalevice.

Figure 1.3: The evolution of gamma camera technologies from early (a) rectilinear scéickeer
Magna Scanner[12], (b) Anger camer§l?], singlehead LFOV gamma camef&3] to stateof-art
SPECTCT imagng systenj3].
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When a radiation source is placed nearby the camera sys&ntdming gamma rays
will pass through the collimator and interact with the detector. The detestaally
made ofa scintillation crystalsuch as Nal(Tl))convers the energy from the gamma
ray to a flash of light Thelight photonsaredeteced by an array of PMTsdjacento
the detector and the events are computedvaamped ouasthegamma imageisplay.
In modern gamma camera systems, advanced digital elestiamicsoftware are used

to process the image data obtained from the PMT units.

1.2.1 Detector head

The functions othe detector head are to detect gamma rays and produce analysable
electrical signalghatrepresent the incident radiation everitee heads covered by

lead shielding around the back and sides to prevent gamma rays from entering from
these directionsA collimator is fitted at the front of the detectordthlow incoming
gamma photonsraveling in the desired directios to pass througtand reachthe

detector.Figurel.4 shows the schematic diagram afetector headf gamma camera

X Position and

Pulse Arithmetic E Energy signals

Pre-amplifiers

Photomultipliers

s T —

Y

il

e SIS
i

........

i i ” “ “ Scintillation crystal
s Lead shielding
Collimator

® «— Source of gamma rays

Figurel.4: Components in the detector head of a gamma cataleza from[12].

1.2.1.1 Collimator

Collimators are made of lead or other materials with high atomic number that can
absorbgammaradiation. Thg have holes to allow gamma rays travelling along the
direction of holes to reach tlietectorcrystal. Photons emitted smy other direction

are absorbed by the septa between the héligsire 1.5 shows different types of
collimator that may beused to project incident gamma rays onto the detector of a

gamma camera.



Chapterl. Introduction| 12

Ko

40

A Pinhole B Parallel-hole

AT <

\ i
b

C Diverging D Converging

Figure 1.5: Four types of collimatoused in gamma camera systely radioactive object; |, projected
image.lmage taken fronpl4].

1.2.1.1.1 Parallel hole collimators
Parallethole collimators are the most commonly used collimatomodern gamma
cameras They are constructed with holes that are parallel to each other and
perpendicular to the detector face. The lead walls between the holes lack cal
collimator septa with thicker walls for higher energy radionuclideRaralleihole
collimators are categorisédsedn theenergy of radionuclide used and tiesolution
and sensitivity they provide in imagiag following:

a) Low energy general purposellimator (LEGP)

b) Low energy high resolution collimator (LEHR)

c) Low energy high sensitivity collimator (LEHS)

d) Mediumenergy collimator

e) Ultra-high energy collimator

1.2.1.1.2 Pinhole collimator
A pinhole collimator has a single and small pinhole aperture, usualym?n in

diameter. It is constructed using lead, tungsten or platinum. The size of aperture
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determines both the spatial resolution and the sensitivity; a smaller aperture giving
increased spatial resolution and decreased sensitivity and vice versa fgem lar
aperture. During image acquisition, gamma rays passing through the aplediere,
project an inverted image of the original sources onto the crystal. The image is
magnified when the distande from the source to the pinhole is smaller than the
collimator cone length) while it is minified if the sources are further awesferFigure

1.5(a). The relationship between image siz&and object siz®© is given byEquation

1.10.

I —
O

f
b 1.10

The size of the imaged area may vary with distance from the pinhole collimator. The

diameter of the image area projected onto the detd2%oan be determined by

| 111

whereD is detector diameter aikD is the magnification factor.

1.2.1.1.3 Converging and diverging collimators

Converging collimators are designed with tapered holes converging towards object
direction. It is used to magnify the igg@awhere the organ of interest is smaller than the
size of detector. Diverging collimators are made with tapered holes that are divergent
from the crystal site. lemagnifiesmages of objestwhich are larger than the size of

the detector.

1.2.1.2 Scintillati on crystal detector

Scintillation detector technologies have been widely used as gaaymanverters in
medical imaging. Most gamma cameras have traditionally utilised inorganic
scintillation crystals such as thallium doped sodium iodide (Nal(Tl)) oiuhaboped
cesium iodide CsI(TI) with typical thickness of 6.48.4mm as the gamma detector.
Tale 1.3 summarises various inorganic scintillation crystal used in gamma camera and

PET camera systeniBhis material emits scintdkion photons following the absorption
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of the energy deposited by the incident gamma photons that are detected by an
electronic light sensor such as photomultiplier tube. Impurities (known as activators)

are added to the pure crystal to modify the enetgyctire so that multiple energy

states are created between the conduction and valence bands. These energy states have
narrower energy gaps resulting in a lower energy of the emitted photons, usually in the

visible range and prevents salisorption.

Table 1.3: Properties of various inorganic scintillation crystal used in gamma cgbfeld].

Scintillator Nal(Tl) CsI(Tl) LaCls(Ce) LaBrs(Ce) YAIO3(Ce)

Density (g cr 3.67 4.51 3.86 5.30 5.50

Effective atomic 50 54 - - 39

number (Z)

Linear  attenuatior 3.12 4.53 2.82 3.42 1.81

coefficient at 140

keV (cnt)

Peak emissior 415 550 330 358 350

wavelength (nm)

Decay time (ns) 230 1000 20 (70%), 35 (90%) 30
231 (30%)

Light yield 38 54 49 61 21

(photons/keV)

Figure 1.6 illustrates the energy band structure of an inorganic scintillator. During the
interaction of the incident gamma photons with the scintillator, many elelatien

pairs are cread. The positive holes move to a location with lower ionisation energy,
usually the activator, and subsequently ionise it. The excited electrons elevate to the
conduction band and move freely through the crystal until they encounter an ionised
site. The reombination of the excited electron and the ionised site makes the
configuration unstable (activator excited states), then thexdiéation process occurs

with the emission of scintillation photofis3].
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Figurel.6: Energy band structure of an iiganic scintillation crystal.

The main characteristics of a scintillator are the intrinsic detection efficiency, the light
conversion efficiency and the phosphorescent decay time. The intrinsic detection
efficiency depends on the linear attenuation coiefficof the scintillator which could
determine the optimum thickness of the crystal in stopping incogangmaphoton.

Light conversion efficiency is the amount of light produced per keV of absorbed
photon. Phosphorescent decay time is the time requirgdedight to be emitted. Each
parameter partly determines the energy resolution and the maximum counting rate of

the detector respectively.

1.2.1.3 Photomultiplier tube

Thescintillation photons emitteglre sparse and wetdt image formationso they must

be anplified. Amplification is achieved using the photomultiplier tubes (PMT) attached
to the bak of the crystal. A PMT consistd a vacuum glass tube with a photocathode
at the front which converts ligiphotonanto electrons and a series of electrokieavn

as dynodeshat amplify the number of electropsoduced for each incident eveAt
gamma camera can haaenumber of tubes in its arrayypically 307 100 in most
modern camerad heseare closely packefr examplen a hexagonal pattern to ensure
minimum gaps are left between the tubes. The base of each PMT is connected to a pre
amplifier circuit. The amplified output from the PMT is passed to the position logistic
circuits, wheresignals detectedre recorded and processed. This information is then

output to a computer system where the data is analysed.
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1.2.1.4 Solid State Detector

In recent years, the has been an increasesk of semiconductor detectansgamma
camera. The most commonly used semiconductor detector materials for this
application are cadium telluride (CdTe) or cadmium zinc telluride (CdZnTe or CZT).
Tablel1l.4 summarises various semiconductor detector used in gamma camera systems.
When a gamma ray interacts with a semiconductor detector, it is converted to an
electronic signal within a single process. Semiconductor deteatersormally poor
electrical conductors. However, an incident photon will produce ionisation in the
depletion region, wheri enable excited electrons flow freely. The electrical charge
produced can be collected by an external applied voltage. The size of the electrical

signal is proportional to the amount of radiation energy absorbed.

Tablel.4: Properties of semiconductor detectors usecaimrga camerfl5, 16]

Detector Si CdTe CZT Hagl2
Density (g cn) 233 585 582 6.40
Effective atomicmumber (Z) 14 4852 3052 5380

Linear attenuation coefficient at 140 keV (§r 0.02 3.22 3.07 8.03
Average energy per electrdiole pair (eV) 3.61 4.43 ~5 4.20
Electron mobility (cr/V.s) 1500 1000 1350 100
Hole mobility (cnt/V.s) 600 80 120 4

Note: SiSilicon; Hgk-mercuric iodide

Catholde Anode
. A
Incident Elect [I
photons e _Clectrons
° ..o\" I
Holes o
Vb — ” P

T |

Figurel.7: Schematic diagram of a CZT semiconductor detectarl{ds voltageT: material thickness, A: anode,
P: pixel size).

1.2.1.5 Pulseheight analyser
The pulse height analyser (PHA) analyses the amplitofdbe output pulse from the

amplifier and determines the energies of detector photon events. The feature selects
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only thosephotonsof desired energsangeto be coutedby the use of appropriate peak

and window settings.

1.2.2 Positioning Circuit

The XY positioning circuit theeusputafeacivtobet age
corresponding to the X, Y location of the point of interaction of the gamnsanathe
crystal[19]. All PMTs are connected through capacittwdour directional terminals:

X*, X, Y" and Y. A resistive or capacitive network assignslative values

proportionally to the fousignals obtained from the PMTegistering the event.

1.2.3 Gantry

The purpose of the gantry is to hold the detector headyfiand allow it to be
positioned near to patient during image acquisition. The gantry is designed to support
the heavily mounted detector head whilst providing motorised features for gantry
movement and positioning. For modern gamma camerasstyteg gantries are more
common. All the motions of gantry are motorised and controlled bgpgheator or set

for scanning procedures lopmputer.

1.3 SPECT and other hybrid modalities

The introduction of scanning gamma camera technology has formed thefl&isigle

Photon Emission Computed Tomography (SPECT), an emission tomographic imaging
technique which utilises single or multipleheaded gamma camera mounted on a
mechanical rotating gantry as shownHigure 1.3 (c). These cmera detectors can
rotate around the patient detecting gamma events amtliging a cross sectional
tomographidmage using reconstruction software (in the same wayag/ Xomputed
tomography (CT) image formation) a whole body image as showrFigurel.8 (a).

In 1963, Kuhl and Edward20] has demonstrated the early concept of SPHEfly
attempts in producing-D imageson aconventionalgamma camera washieved by
rotating the patient in front of a stationary cametwer the decades, SPECT
technologies have expanded to become reliable, robust and widely accepted nuclear
imagingprocedures. The same cameras can scan over the patient to produce a whole

body image or can be controlled as orgaecific SPECT systems for abdominal, brain,
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cardiac or breast imaginglhese techniques allowhe threedimensional (2D)

visualisation of adiotracer distributions in the body.

Figure1.8: Example of (a) whole body bone scintigraphy (anterior and posterior;\irmages taken frorfd]) and
3-D SPECT images. ((b) Myocardial perfusion study (short axis, horizantaVertical long axis views) showing
the radiotracer distribution in the different regions of the myocardinmages taken froff8]); (c) Transverse slices
of the reconstructed brain SPECT imagé®@floflupane (DaBcari)).

More recently, tk fusion of dual modalities into a single multimodality imaging device
has resulted in the creation of Single Photon Emission Computed Tomography
Computed Tomography (SPEEIT) camera systems. In 198asegawaet al.[21]
reported thesimultaneous transmissi@mission imagingvhich formed the basis of
SPECTCT developmentThe irst commercial SPEGTT was introduced in 1999, a
year earlier than theffacial launch of Positron Emission Tomograp@pmputed
Tomography (PETCT).

Thesehybrid imaging modalities offethe fusion of gamma and CT images to enable

the overlay of physiological tracer uptake with the cross sectional anatomical detail.
The CT nformation also aids in attenuation correction and organ localisation, as well
as providing diagnostic quality CT imagdsgure 1.9 shows an example of fused
SPECTFCT images ira patient with an ectopic parathyroid adenoifiae remendous
success of these hybrid cameras, led to the integration of the magnetic resonance (MR)
scanner with either the PET or SPECT camera, allowing the fusion of nuclear images

with MR images havinguperior soft tissue contrast when compared witj22T.
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mediastinum, right paratracheal region (asdatéd by the centre of the redoss). The fused anatomical
and physiological details provides valuable information to aid surgical procdégtes

1.4 Bedside imaging

Most nuclear medicine procedurage carried ouin the nuclear medicine department
sincegamma ameras are large bulky devices, installed in purpose built robims
requires the patient to atteritie department in order tandergo the imaging
investigation As a consequence, this restritte type of patient who caaccess the
servicesandpatients fom the operating theatre, intensive care unit aceddent and
emergency departmenannot alwaysattend. The use ahobile or portable gamma
camerasenables bedside investigations whictay be of value in those hospital
departments.

The application of nuclear medicine techniques outside of the department has a long
history. The concept of radiogugdl surgery using @amma probewhich was reported
approximately 60 years ag@4], enable the intraoperative detection of radionuclide

in the operating theatr8elverstonet al.[24] at Harvard Medical School reported on

the use o Geiger Mullertube device to detect the beta radiation emitter, phosphorus
32 in patientswith brain tumous. The counts in the area of suspected tumour and
normal brain tissue were detected by the device at various time intervals and various

depths beneath the cerebraltex to demarcate the boundary of tumour margin

Perkinset al. [25, 26] described a range dfedside nuclear medicine investigations
employing gamma probes the intensive care uni@nd operating theatrélhese
developments originated from the use of gamma probes for the detection of the uptake
of 9MT¢ bone scanning agents, in particular osteoid osteoma, a benign condition that
predominantly occurs in young children and adolescénglidition, the increasg use

of gamma probes in sentinel lymph node biopsy procedures in the staging and
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management of breast cancer droveeta@ution of gamma probe technologyd the
widespread acceptance of nuclear medicine procedures during s&®igeeythen, the
evoluion of gammadetection probe technology in intraoperative procedures has
immensely developed and has become an established discipline within the practice of

surgery.

The development of small field of view (SFOV) gamma cameras offers the capability

of intraoperative imaging during surgical procedures. For use in the operating theatre,
gamma cameras must be compact enough to be handheld by the surgeon or other theatre
staff. As indicated by the name, SFOV gamma cameras are considerably smaller in
comparson with conventional large field of view (LFOV) gamma cameras. Advances

in low profile detector technologies have enabled the introduction of smaller imaging
systems with the cameras held on an articulated arm mounted on a small trolley or

handheld by theperator during use.

1.4.1 Mobile Gamma Cameras

Smallsingleheaddcameras mounted on a mechanical trolley have beaitable over

the past 20 years. These cameras enabled a range of clinically important imaging
investigations to be undertakeinilst the paent is lying on a standard bedtside of

nuclear medicine departmenin 1973, Hurwitzet al. [27] reported preliminary
experience with a Aportabled scintillati
locations previously behed to be inaccessible for diagnostic nuclear medicine. The
camera was a modified standard Anger scintillation camera with-@dh5SNal(Tl)

crystal of 12 inches in diameter, mounted on a movable stand.

Figure 1.10 showsa mobiledigital gamma camera frorigirad Corporation (San
Diego, CA, USA) which is currently available. This system hafela of view
measuring 31inm x 396 mm produced by asolid-state segmentedCslI(TI) crystal
detectomwith asilicon photaiode and is suitabler detectinggamma energidsetween
50 keV and 350keV with the aid ofthe interchangeable collimatorBhe camera can

be manoeuvredananuallydespite having a weight of 305.kg
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Figure 1.10: A solid-state mobile gamma cameBai gi r ad er goE | magiTakgn Sy st em
from [28]).

Figurel.11 shows aother example ofommercially available mobile gamma camera
produced byMediso Medcal Imaging (Budapest, Hungary), naméycline™ TH.

The cameraletectorcomprises arNal(TI) scintillation crystalwith a thickness of
6.5mmbacled by PMTs. The detector head is availableizes 0f230mmx 210mm,
260mm x 246 mm and 300mm x 300mm. The system weigh480kg and thegantry

is equipped with motorised height adjustment and interchangeable collimators. A

separateomputerconsole $ usedor image acquisition.

Figurel.11: A mobile gammacameisle di so WWNHO| { Makld8n fr om
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Another example of an orgaspecific gamma cameiscalled the CardiotofY system

[29]. This gamma camera system combines a commercially available detector system
attached with a rotatablparallel and slantetole collimator (ectomography) to
produce tomographic images. The camera weighs 320 kg and is primarily designed for
cardiac studies at the patient bedsiBable 1.5 provides summary of mobile gamma

camerasvailable at the time of writing.

Tablel.5: Examples of clinical mobile gamma camera systems

Camera Detector Nominal  Weight Applications
FOV (kg)
(mm)
Nucline™ TH Nal(Tl), 260 x 246 180 Cariac, thyroid imaging
(Mediso) PMT [13]
er goE | CsI(Tl, 311 x 396 305 Cardiac, breast, and a&h
System silicon bedside imaginfR8]
(Digirad) photodiode
2020tc imager CsI(TI), 212 x 212 386 Lung, thyroid, cardiac
(Digirad) silicon mammosintigraphy,
photodiode bedside imagingB0]
CardiotoniM Nal(Tl), @ 400 320 Cardiac imaing [29]
(Adolesco) PMT (Sopha
DS7)
Picol a Nal(TI), @ 254 NA Thyroid imaging[31]
Scintrorf PMT
Solo Mobie E Nal, PMT @210 <270 Thyroid, parathyroid,
(DDD- cardiac, sentinel nod
Diagnostic A/S) imaging[32]

@ denotes diameter of circular FOV.

1.4.2 Handheld Gamma Cameras

More recent technologicabgancenentin gamma camerdetector design has led to
the innovationof portable compacSGFOV gamma camesaPossibly the earliest
concept of the handheld gam imaging system was introduced Bgrberet al.[33],

in which prototype devices were smahough to be inserted into the upper or lower
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gastrointestinal tract to imagle distribution of tumouseeking radiotracersChe
design providd flexibility for handheldusein additional areas of clinical investigation
when comparé to a mobile gamma cameraThese cameras were not intended
replacethe standard.FOV gamma camas, but have been used for additional clinical
applications, in particular for intraoperative imagifigis has resulted in a number of
vibrant research initiativesworldwide for exploringthe develoment of robust, user

friendly and ergonomical SFOV ganancamera systen34-37].

Similar to standard gamma camerag tnain features afompact imaginglevices are

the imaging detector, collimator, shielding, electronic readout aiycaihd image
acquisition and imge processingsoftware The size and weight ofthe camera head
represerdgthe most important characteristicasf SFOV camera in termof ease of use
andmanoeuvrabilitynear the patienfFrom the literature it can be set¥at the weight

of SFOV gammacanera head usedor clinical applicationhas beerbetween320 g

[38] and24909 [39] while thedetectorsize varied from 8.192 mm x 8.192 nj#d®] up

to 127 nm x 127 mn{41]. Based on the literature review, there are five commercially
available SFOVWgammacameras whit at least 10 prototype camerare still at an
experimental stagd.ablel.6 summarisethe characteristecof SFOVgammacameras

thatare currentlyn developmentor in clinical use.
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Tablel.6: Characteristics dBFOVimaging systems

Camera Detector Detector head Collimator Energy range (keV) Clinical application & reference
Type/material Size Matrix Size  Weight Type Material /radionuclide
(FOV) size (mm) (9) detected
(xyz)
(mm)
I0GC Hgl,, electrodes 23.75 x 16x 16 43 x45 NA PA Tungsten °Tc, 5Co,?**Am NA [42]
23.75x 1
HGC CsI(TI), 8.192 x 128 x @ 115x 1500 Pinhole Tungsten 307 245 Bone imaging, lacrimal drainage sce
EMCCD 8.192 x 128 171 (L) thyroid imaging, lymphatic scgd3-45]
15
POCI 2 Csl(Na), IPSD @40x3 50x50 @ 95 x 1200 PA lead %nT¢, 5Co SLN detection with breast cancpt6, 47]
90
TreCam LaBr3:Ce, 49x49x5 16x16 NA 2200 PA lead 9T ¢, 5Co SNOLL [48-50]
MAPMT
Mediprobe CdTe:Cl 1408 x 256 x 200 x 1500* Pinhole Tungsten %"™Tc,%Co SLN detection with melanoma cangbi]
) 14.08 x1 256 70 x 30
eZScope® CZT 32x32x5 16x16 74 x 72 820 PA NA 71-364 Intraoperative  imaging for primary
x 210 hyperparathyroidim[52, 53]
MGC500 CdTe 44.8 x 32x32 82 x 86 1400* PA Tungsten 550 keV Lymphoscintigraphy with oral cancés4-
44.8 x 205 56]
IHGC Nal(Tl), 50x50x6 29x29 64 x 64 1100 PA lead 30-300 SLN dekction with breast or melanonr
) PSPMT x 76 cancel[57, 58]
IPA CsI(Tl), PSPMT 44.1 x 18x18 NA 1200 PA tungsten 50-250 SLN detection with breast candé9-61]
44.1x5
GE CczT 40 x 40 16 x 16 150 (L) 1200 PA NA 40- 200 NA [62]
Sentinella  Csl(Na), 40 x 40 300 x 80 x 90 1000* Pinhole lead 50- 200 SLN detection with keast penile, prostate
1024 PSPMT 300 x 1500 cancer intraoperative imaginpr primary
hyperparathyroidisn63-68]
GCoOl CsI(Tl), PSPMT 38.4 x 24 x24 NA NA PA NA 60- 300 NA [69]

38.4 x4

Note NA-information not available; dength;PA-parallel hole; *without collimator;@-diameter of circular FOVA-commerciallyavailable IPSD- intensified positiorsensitive diode
MAPMT-multi-anodephotomultiplier tube PSPMTpositiontsensitive photomultiplier tube
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Table 1.6 Characteristics 0cBFOVimaging systemé cont 6d) .

Detector Detector head Collimator Energy range Clinical application & reference
Camera Type/ Size (FOV) Matrix Size Weight Type Material (keV)
material (xyz) (mm) size (mm) (9) /radionuclide
detected
CrystalCam CZT 40 x 40 16 x 16 65 x 65 x 800 PA Tungsten  30-250 SLN detection with breast dn melanoma
A ; 180 cancel[34, 7072]
Minicam 24 CdTe 40 x 40 16 x 16 250 x 70 700 PA Tantalum  30-200 SLN localisation 73]
x 170
MRG15 CsI(Tl), SIPM 13.2x13.2x 4x4 114 x 32 320 PA NA 9T, 57Co NA [38]
5 x 26
CaollRes GSO:Ce, 50 x 50 8x8 78 x 78 x 2490 PA Lead 9" ¢, 57Co SLN detection with breast candé®, 74]
MAPMT 275
Medica Nal(TI), 127 x 127 x 56 x 56 NA NA PA NA 9T ¢ SLN detection wth breast cancddl, 75]
GammaCA PSPMT 6
M/OR
DEPICT czT 44x 44x5 22x22 216 x NA PA Lead/ 307 3000 dosimetry of molecular radiotherapg6, 77]
200x% 93 Tungsten

Note NA-information not available; dength;PA-parallel hole; *without collimator;@-diameter of circular FOVAcommerciaIIy available; IPSDntensified positiorsensitive diode
MAPMT-multi-anodephotomultiplier tube PSPMTpositionsensitive photomultiplier tub&iPM-silicon photomultiplier
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1.4.2.1 Camera Detectors

One of the main factors that made the innovation of a minigimeeSFOV gamma
camera possible was the availability of suitable compact deteBtssd on theeports
published since 1997most SFOVgammacameras have useeither scintillation
crystals[43, 50, 64, 781] or semicondator [51, 52, 56, 62, 71, 73, 782] detectors
The mostcommonly used scintillation crystadése thallium or sodiurdoped esium
iodide (CslI(Tl) and Csl(Na), Nal(Tl) and ceriumdoped lutetium oxyorthosilicate
(LSO).The £miconductor detector materialsed in SFOV gamma cameras aitber

cadmium telluride (CdTe) or cadmium zinc telluride (CdZnTe or CZT).

During earlier development, P&t al. [42] developeda 256element mercuric iodide
(Hgl2) detector array which was intended to be used as an intraoperative gamma
camera A novel SFOV gammacanera based on yttrium aluminium perovskite
activated by cerium (YAP:Ce) coupled with intensified posisensitive diode (IPSD)

[83] has also been developed. A few years later, thengact positiorsensitive
photornultiplier tube (PSPMTWwas recognised as a key development in small camera
design and these habeen used in camerasth CslI(TI) [78, 79] Nal(TI) [75, 80]
cerium dopedrthosilicate of gadolinium (G&iOs:Ce orGSO)[81] and ceriurrdoped
halide (LaBr3:Cejcintillators[50]. Lees,et al.havedeveloped a high resolution SFOV
gamma camera using a columnar Csl(Gdupled toelectron multiplying charge
coupled device (EMCCDJ]B4, 85] which is described in more detail @hapter2.
Figure 1.12 shows an example of the SFOV gamma camera, IP Guardian 2 with

detector consisting of Csl(Tl) scintillator coupledR8PMT.
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Figurel1.12: Example of SFOV gamma camera wWahkI(TI) scintillaion detector coupled 8SPMT(IP
Guardian2Li-Tech Roma, Italy. Photograph courtesy of Domenico Rubello, MD, Rovigo, Italy.

As for semiconductebasedgammacameras, several camesgstemshave been
produced using CdTg1, 56, 73, 79Jor CZT [52, 62, 71] Figure 1.13 shows a
example of compact gamma camera equipped with CZT semiconductor detector, the
CrystalCam (Crystal Photonics GmbH, BerGermany) This system is designed to

be an fAi maging gamma probed and has a
different energy radionuclides.

Figure 1.13: CrystalCam imaging probe wita semi@nductor detectorimage ourtesy of Thomas
Barthel, Crystal Rotonics GmbH, Berlin, Germany.

r
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1.4.2.2 Camera Collimators

The most common types of collimator used in SF§favhmacamera are either pinteol

[36, 43, 51, 86, 879r parallethole[46, 50, 52, 56, 62, 71, 73,-7PB, 81, 88, 89[These

have been constructed from dense metdiationabsorbers, namely lead or tungsten.

A range of pinhole collimators with different apertiwieges have been usethese
range between 0.5 mm and 4 mm, which providing different choices for various clinical
applications. On the other hand, paraliele collimators have been fabricated with
parallel holes, either in square lbexagonalshape. Thes include low energy high
sensitivity (LEHS), low energy high resolution (LEHR) and low energy general
purpose (LEGP) collimators.

Figure 1.14 (left) shows an example an SFOV gamma camera with a pinhole
collimator, Sentinela 102 (Oncovision, Valenci&gpair). The camera consists ah
interchangeablginhole collimator and a singlésI(Na) crystal backely a position
sensitive photomultiplier tubé&igure1.14 (right) gives another example ah SOV
gamma camera with paralbble collimator, namely Mini Gamma Camera 500
(MGC500) Acrorad Co. Ltd Okinawa Japan) The parallethole collimator is a
combinationof 100 pieces of tungsten mesh sheeiih the thickness 0D.1 mm
respectively.Each shetehaving square openings measuring & x 1.2 mm with

0.2mm pitch.
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Figure 1.14: SFOV gamma camera mounted on an articulated arm and cart based (y&)ewith
pinhole collimator, Sentinella 102nfagecourtesy of Victoria Gaifa, OncoVision, Spain) an¢right)
MGC 500 with parallelhole collimator(Taken from[54]).

1.5 Aims of the thesis

The previous sections have provided an introduction to the gamma camera and nuclear
medicine techniques. The work of this thesis was carried out betweera@@22017

to investigate the clinical use of a newly developed prototype SH@Yid Gamma

CamergHGC) and its prgoroduction prototype devigé&ebuleye)

This thesisaims totranslatethe HGC technologyfrom in vitro laboratory studies to
clinical usein human subjectdn order to achieve the aims, the following objectives
needed tde addressed:
a) to characterise the ppgroduction SFOV hybrid opticalamma camera,;
b) to assess the performance of the SFOV hybrid opfjaaima camegrin
clinical settings;
c) to assess the application of the SFOV hybrid optigahma camerin
preclinical imaging;
d) tocharacterise and gakmowledgeof the preproduction camera prior to use in

the clinic;
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e) to explore the clinical applications of the HGC.

1.6 Thesis organisation

9 Chapter2 provides an overview of the design of SFOV gamma camer:
particular the prototypElybrid Gamma Camera (HGC) and the-preduction
prototype Nebuleye mini gamma camera.

9 Chapter3 investigates the characteristics of the-gmeduction prototype
Nebuleye mini gamma camera and compares these with HGC.

9 Chapterd explores the potential use of the cama@rgreclinical imaging.

q Chapter5 examines the performance capabilities of the camera for futur
in breast cancer surgery.

9 Chapter6 presents the preparatory studies of the-gmaductionprototype
Nebuleye mini gamma camera prior to surgical use.

q Chapter7 assesses the capabilities of thegmeductionprototypeNebuleye
mini gamma camera.

1 Chapter8 describes the first use of the H@Ca clinical setting.

9 Chapter9 provides the conclusions of the current work and suggests 1

research studies.

Throughout this thesis, the term of the SF@a¥nma camera was used to indicate either
HGC, Nebuleye or other portable gamma camérbs.HGC indicates the laboratory
prototype hybrid opticafjiamma camera developed by the Universities of Nottingham
and Leicester. The Nebuleye indicates thegyoeluction prototype hybrid optical
gamma camera fabricated by the industrial partner for conmisation purposes.



Chapter 2
The SFOV Hybrid Optical Gamma

Cameras

2.1 Introduction

Advances in radiation detector technologies have led to a reduction in the size of
gamma cameras, leading to the production of compact devibesSpace Research
Centre at the University of Leicester in collaboration with Radiological Sciences at the
University of Nottinghanand Medical Physics at the Nottingham University Hospitals
NHS Trusthave successfully transferred the use of a cheogeked device (CCD)

from space research to an imaging system suitable for biomedical appli¢@d¢ns
Further equipment development has resulted in the production of the first laboratory
prototype of the handheld SMHybrid Gamma Camer@GC).

The first prototype camera head consisted of a pinhole collimator, photon detector and
cooling unit contained in a plastic enclosure which was connected to an electronics
control unitand controlled by @ersonal computeiPC). The detector was a CsI(Tl)
columnar scintillation crystaHamamatsu PhotoniddK Ltd., Welwyn Garden City,

UK) coupled to a CCD (CCD97 Ble2v Technologies Ltd., ChelmsfordJK)
surrounded by -8nm thick tungsten shielding. A Peltier cooling element and

thermoelectric cooler was used to regulate the operating temperature of the CCD.

With the aid ofBiomedical Catalyst Fumdg awarded by Innovate UK, the camera
design was further developed in partnership with industrial partners, Gamma
Technologies Lmited (Leicester, UK) an&strahl Limited (Surrey, UK). This mini

gamma camera system was known as Nebuleye and was designed as a medical device
intended for commercialisation. The camera system comprised of a cart with the camera

head mounted on a posiiog arm, two touch screen monitor displays wittegrated

31
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PC and an electronic control unit. Thhapter summarises the evolution of the
prototype HGC and introduces the newly manufactured Nebuleye as shoguie
2.1. The fdlowing sections provide detailed descriptions of the HGC used in the

experimental work.

Figure2.1: Evolution of HGC from early laboratory prototype towards medical device standard.

2.2 Early development

The initial design concept of the handheld gamma camera was pioneered in the Space
Research Centre, University of Leicester. Lextsal. [84] reported a low cost,
scintillatorcoated, collimated imagy, known as High Resolution Gamma Imager
(HRGI). The device utilised a chargeupled device CCD330 manufactured bg2v
Technologies (formerly EEV Ltd.) as the photon detector which was originally used for
dental xray imaging. A layer of scintillatioorystal gadolinium oxysulfide (G@.S),

which is also known as Gadox, with various thicknesses ranging from 100 tov600
was coupled to the CCD and encapsulated within a plastic casing. The CCD detection
technology had originally been developed for us¥-ray astronomy90, 91} It was

used on XMMNewton EPIC for high performancer&y imaging while the scintillator
materials was utilised on Chandra HRI for improvirgay detector efficiency. With

an increase ithe scintillator thickness, the detection efficiency of the imager increased
with a consequent degradation of spatial resolution from 0.44 to 0.60 mm. The first
image of &°™Tc¢ line sourceRigure2.2) were obtained demonstragipotential use in

nuclear medicingd4].
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Figure2.2: (Left) Image of a Inm diametef°"Tc line source with acquisition time of 36@sing HRGI.
(Right) 2*Am slit image with acquisition time of 1a0using modified HRGIlImages taken fron84,
92].

Improvements in the performance of the imager were subsequently ref@iled
address several shortfalls which were identified in the previous work. The upgraded
HRGI consisted of CCD580 (e2v Technologies, UK) coated with 500 4timck
terbiumdoped gadolinium oxysulfide (G#D.S(Tb)) scintillator layer{93], parallel

hole lead collimator and a Peltier cooler (Melcor thermoelectric dej®e¢)with a
finned forcedair heatsink. The detector was packed in a protective plastic box which
made it easielotuse and compact enough to be handhglgli(e2.3). This version of

the camera wagperate in photon counting mode in order to reduce the multiplicative
noise associated with the amplification process. The Peltier coolenmieehlicing the
operating temperature to approximateby°C subsequently enabling a drop of dark
current to 10 electrons/pixel/second. A dry nitrogen atmosphere was maintained in the

detector housing to prevent condensation on the CCD.

Figure2.3: (Left) High Resolution Gamma Imagshowing water cooling tubing and electronics cables
(right) high resolutionparallel holesollimator (Taken from[92]).
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2.3 Mini Gamma Ray Camera

Further development of the camera resultatiefabrication odnew prototype, called
theMini Gamma RayCamera (MGRC)Kigure2.4). The design of the gamma camera
was enhanced to offer high spatial resolution imggvith potential for medical and
veterinary application§43]. The gamma ray detectaras changed from the Gadox
scintillator to hallium-doped esium iodidgCsI(Tl)) (Hamamatsu Photonid$K Ltd.,
Welwyn GarderCity, UK). The CCD was an inverted mode, back illuminated electron
multiplying CCD (EMCCD) CCD97 BI, e2v Technologies Ltd., Chelmsford, UK)
[95]. It was coupled to the scintillation crystal with Dow Corning optical grease. The
same thermoelectric technology used in HRGI was utilised in this caffteeasides

and bak of the detector were surrounded by 4 mm thick lead shielding to minimise
detection of scattered photons and background radiation. The outer cover of the camera

was a 10 mnthick aluminium casing.

This version of the camera design allowed interchangeailimators, either parallel

hole as mentioned in Secti@® or pinhole. Two pinhole collimators of 0.5 mm and

1.0 mm in pinhole diameter with an angular aperture of 60 degrees were fabricated from
tungsten discs, with dimmsions of 6 mm in thickness and 45 mm in diaméieage
acquisition was carried out using a bespoke prografgidiesoftware, Exelis Visual
Information Solutions, Inc., Boulder, CO, USAYhe design of the MGRC offered
detection of photons with an eneng@nge between 20 and 140 keV, spatial resolution

of approximately 1 mngfull width at half maximum EWHM)) andbetter detection
efficiency Pi Il ot c¢clinical gamma i maging was <ca
Medical Centre to study the feasibility asing the MGRC in clinical environment. A
gamma image of the thumb of a volunteer who was administered *Wic-

hydroxymethylene diphosphatidDP) for a bone scan was reporiég].
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Figure 2.4: (Left) MGRC prototype in a box shaped and (right) schematic of the main camera head
components.

2.4 Compact Gamma Camera

The box shaped camera head of the MGRC was relatively bulky and difficult to hold
by the operatoduring use. In addition, based on the initial assessment of the gamma
images, it was found that there was high level of noise present in the images which
degraded the image qualif¢3]. This may have been due iwsufficient shielding
around the camera head. As a result, further improvements particularly on the cooling
system and shielding were made in the new version of the camera, which was named
Compact Gamma Camera (CGC). The heat exchanger was changedadffira lpesed
phasechange material (PCM) which reduced the CCD temperaturd & in a
cooling process without the need for electrically powered fans. This minimised the risk
of contamination as the PCM was encapsulated in the camera head allowing heat
exchanges to take place without the involvement of air flow. Further development of
the camera was in collaborationwlthe Mont f ort Uni versityods
to considerthe camerargonomics anananufacturing desigrnThe camera head was
designed wth a ridged surface to provide good grip for holding during imagdtigure

2.5 shows a photograph and schematic of the CGC. Atoxio plastic enclosure
provided both thermal and electrical isolation, as well as being eakatoin case of
contamination with dirt or biological fluidg he shielding material around the back and
side of the detector was changed to 3-thiok tungsten material having a gamnag
transmission of 1.7410° at 140 keV.

F
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Figure2.5: (Left) Photograptand(right) schematic diagramf the CGC with ergonomic casing design.

2.5 Hybrid Gamma Camera

The combination of dual imaging modalities in medical applicatsuth as Positron
Emission Tomography @T) and Single Photon Emission Computed Tomography
(SPECT) combined with Computed Tomography (CT) has provided considerable
added value in patient diagnosis and management. These technologies provide both
functional and anatomical information to clinicidnsassist with disease management.
Intermodality image fusion has providedgistrationof functionaland anatomical
details corresponding tbe tissue metabolism along with its associated spatial location
within the anatomical structure®uilding on te success of the development work
between Leicester and Nottingham resulted in the innovation of the Hybrid Gamma
Camera (HGC) Kigure 2.6) [40, 44] This wasa new concepin portable inaging
systens, which wasnot only applicable for medical diagnosis purposes, but also for
environmental surveyingnd monitoring andthe localisation ofadioactive sources
[96].
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Figure2.6 (Left) Photograph of thdetector head of tHeGC prototype (protective casingmoved with
the optical camera and mirror fixed on the optivalunt (Right) Diagram of the HGClilstrating the
transmission offammaand opticaphotons from the sourde reach the detector

A simple modfication was made to the@C (as described in Sectich4) where a
mount was designed to hold a small optical canagidmirror. This allowedhe gamma
photons from the source® pass through the mirror and collimator to reach the
scintillator detectoand subsequently to form a gamma image; wihiereflection of
optical photons by the mirror to the optical camgeaerated an optical image o
gamma and optical cameras wereatigned in a position that provided fused gamma
and optical images with corresponding spatial alignmémgure 2.7 shows a

photograph and schematic diagram of a HGC

Both optical and gammeamerasvere connected to the readout and control electronic
systemsby a USB cable and Hype cable respectively and mecontrolled by a
standard desktop computer or laptéprther improvement to the HGC involved an
increase bthe thickness of the crystal scintillator, fabrication of an additional 1 mm
diameter pinhole collimator and incorporation of uEye K8ustrial Camera (IDS
Imaging Development Systems GmbH, Obersulm, Germg@W]) The camera head

weighed approximately 1.2 kg.
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Figure2.7: (Left) Photograph of the HGC held on an articulated arm. (Right) Gexgtonal schematic
diagram of the HGC.

2.5.1 Gamma camera components

2.5.1.1 Scintillator

The HGC utilisé eithera600pum or 1500um thick columnar scitillator (Hamamatsu
PhotonicdJK Ltd., Welwyn Garden City, UK(Figure2.8). This detector enabled the
design of the camera to detect oaarenergy range between 30 and 140 keV with an
expectedphotonabsorption ranging from ~38% 100%[37]. The advantages of the
Csl(TI) scintillation detector are high atomic number (54), high density (~4.5% cm
and good light yield (54 photons/keV). The maximum wavelength of the photon
emission is 56 nm which has a good match to the spectral sensitivity of the CCD and
guantum efficiency of over 90 % at the peak wavelengik.columnasshaped Csl(TI)
(Figure 2.9) enabled the reduction of spread of the light in the scimillatong the
transmission path to the CCD. The crystal was held in place on the CCD f{lekigla

Kaptonwindow.
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Figure 2.8: Photograph of the scintillator (red circle) coupled to the CCD. Imageesyudf Space
Research Centre, University of Leicester.

Figure2.9: The image of the crystal sample acquired by a scanning electron microscope (SEM) illustrates
the columnar shape of the material whictsas a light tunnel to guide the scintillation photons to CCD.
Image courtesy of Space Research Centre, University of Leicester.

2.5.1.2 CCD

A CCD is an electronic device that converts light intekattric charge and process

it into electronic signalsThe EMCCD is a frame transfer device which includes an
imaging and storage section on the CCD chip. Light photons exposed to the image
section are converted to charge within the integration time to form an image. This image
is then shifted to the storage sentprior to read out register. Next, the individual pixel
charge is passed to the multiplication register where electron multiplication (avalanche

multiplication) occurs, then it is presented to the output amplifier for readout.
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The HGC utilised an EMCCIRCCD97 Bl,e2v Technologies Ltd., Chelmsford, YK
which was first used by the Space Research Centre in astronomical reséguoh (
2.10). The CCD was a back illuminated sengomwhich the light receiving surface
(silicon) atthe front was backhinned to enhance the amount of light captured, thus
improving quantum efficiencyThe CCD read outwas using Correlated Double
Samplingand had an extra gain register controlled by the application of a high voltage
clock pulse (460 V). It had a noise of &ectronpixel/frame(at 293 K and 30 Hz).
Table2.1 shows the technical details of the CCD.

Figure2.10: Example of the EMCCD chip utilised in the HG@5].

Table2.1: Characteristic of the CCD97 BI.
Active image area 8.192x 8.192 mm

Image section active pixel 512horizonta) x 512(ertical) *
Image pixel size 16x 16 um
Operating temperaturé®) -55 to +60

*pixels binned to 128 x 128 resulting pixel size of*684 m

2.5.1.3 Collimator

Gamma camera collimators are usually made of dense metal and are attached in front
of the scintillator detector, allowing the incoming gamma photons to be channelled
through the collimator hole(s) to reach the crystal detectorH®€ used a pinhole

collimator(havinga holediameter of either 0.5 mm or 1n@m) fabricated by Ultimate
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Metals Limited [eighton BuzzardUK) from tungsten 6 mm in thickness and 45 mm
in diameter Figure2.11). A pinhole collimator vas chosen to:

I. increase the FOV (as the CCD had a small area);

ii.  easeof construction

iii.  maintain thecompactness of the camera

[T lm'nu lm'i Ju‘H!}HH\llHlIIH IIH‘IIH\ITH LRRLRLRRRAARS —m\\m‘ﬁgh
' ! l ‘ | ! | \ \ ﬂw\ :
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Figure 2.11: Bespoke pinhole collimator for HGC with pinhole diameters of 1 raft) (or 0.5 mm
(right).

A 60 degrees acceptance angle was used for each pilh@egavea nominal FOV of
approximately 40 mm x 40 mm at a distance of 25 mm from the camera skifarce

2.12 illustrates the relationship lveg¢en the souret-collimator distance (SCD) and

the field of view (FOV). Based on the detector size and location within the camera head,
the FOV at certain distances was estimdtet]. The images generated were in a

squareshape due to the shape of the detector used in this camera.
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Figure2.12: Relationship between the SCD (x) and vertical or horizontal sizd {(fp&OV.
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2.5.1.4 Shielding and casing

Shielding of the gamma camera blocks all unwanted, background or scattered radiation
that would result inmage degradatiomhe sides and back the detector in the HGC

was surrounded by tungsten shieldingn@n in thickness The tungsten collimator
formed the front surface of the camera. In addition, the detector was surrounded by
4 mmthick aluminiumcamera housinfexcept the window which ishm thick)which
attenuated most of the lower energy photdagure 2.13 illustrates the shielding

components of the HGC.

Figure2.13: Shielding materials surrounded the dateat the tip of the camera head. (Brown: 6 mm
tungsten; green: 3 mm tungsten; purple: 1 mm tungsten; yellavm aluminium except the window to
the pinhole which was thm thick)

The shielding and the detector head were enclos8D printedplasticenclosure to
facilitate both electrical and thermal isolatidimneoutersurface of the plastic enclosure
was produced ia fine textured finish to allow sufficient grip for holdireg)d also easy
to maintain cleanliness and minimise contamination shdwddcamera come into
unintentional contact with patients or biological fluid€ustomised ¥ printing
technology was also applied to the fabrication of the protective nose casyuge(
2.14) which covered the tip of the cameraad. The casing was designed with a
transparent window principally to allow optical light to pass through wirdeenting

contamination to the camera detector.
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Figure2.14: Custom made protective casinih the transparent window for HGC.

2.5.1.5 Cooling system

The number of electrons known as dark noise to be generated was proportional to the
operating temperature of the CCD, which was regulated by a Peltier Chue€CD

used in this camera was backed vatReltier cooling package. Thermoelectric coolers
operate based on the Peltier effect where heat is extracted or absorbed when an electric
current flowsthrough the junctions of two different material$ie Peltier cooler of the

CCD was coupled to an orgarPCM (PlusICE A32, PCM Products Limitedyaxley,
CambridgeshireUK) with paraffin compounds and it was able to reduce the CCD
operating temperature td0 °C (measured byenwal thermistopart numberl96
302LAD-002 (Honeywell,Mansfield, TX,USA)) [95].

2.5.2 Optical camera components

2.5.2.1 Optical camera

To design the HG small enough to be handheld, the size and weight of the optical
camera are major considerations together with the optical camera performance. In the
HGC, a lightweight, compact, high quality camera, named uEye XS Industrial Camera
(IDS Imaging DevelopmerSystems GmbH, Obersulm, Germany) was used to capture
the photographic image and video. This camera containing a 5.04 Megapixel
complementary metabxide' semiconducto(CMOS) sensor to deliver a high quality
images with accurate colour reproduction. Thenera was integrated with the HGC
controlling computer using dSB 2.0 interface and Mini B USB 2.0 connecibable

2.2 shows the technical details and performance of the camera.
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Table2.2: Technical specifications of uEye XS Industrial Camera used in [9GIC

Optical size 3.620% 2.720mm
Pixel size 1.4um
Resolution 2592 (Horizontalx 1944 (Vertical) pixel
Frame rate freeun mode 15 frame per second
Operating temperature 0 to +55°C
DimensiongHeightWidth/Length) 26.5 mmx 23.0 mmx 21.5 mm
Weight 12 g
2.5.2.2 Mirror

A flat mirror was mounted in front of the collimatar an angle of 4%o reflect light
photons tahe optical camera assemblyhe mirror wasl mmin thickness and made
from soda limeglass It allowed the incident gamma photons to pass through with

minimal absorption (<3%4}10] and scatter while the optical photons are reflected.

2.5.2.3 Optical rig

The optical mount as shown kigure2.15 was important in the HGC design in order
to provide accurate and fixed positioning of the optical camera and mirror, sthtéhat
FOV of each detector was identical and independent of the stuudetector distance.

Figure2.15: Photographs of the optical rig mounted with the mirror and optical camera.

2.5.3 Software and electronics
A bespoke software programme named AUNiI ve
CCD Control and Acquisition (veim SVN75H W2 ) Figur€2.16) was written using
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IDL (Exelis Visual Information Solutions, Inc., Boulder, CO, USH) control the

hardware of HGC for image frame acquisition, formation and-pastessing. The

programme ran on adP laptopcomputerin which connected to an electronic control

box as shown irFigure 2.17 using a standard USB2 cablEhe camereheadwas

connectedo theelectronics control boxia a 25way insulated dale.

File Acquisition

Power Control  Analysis

Acquistion | Voltages | CCD Sequencer | FFGA/ADC Setings

Region of Interest
Y Postion: 0

X Postion’ 0

X Size: 511 Y Size: 511

Status
Frames Recorded 0

Everts Last Frame: 0

Evertts Total: 0

Calibration:

Noise:

Threshold:

Thresheld:

Information

Device Serial No
Operator
Source:

Commert;

No. of frames: 1

(

Record Event Data

[

Mutti Acquisition

]

w %

¥ University of

v Leicester

Space Research Centre

CCD Control and Acquisition

Version: SVN75 — HW2

19/01/16

!!penrum Analysis

m 1.0 T

Figure2.16: CCD Control and Acquisition user interface in the IDL environment.

Figure2.17: Photograptof theelectronic control box and cable connections (front view).

2.5.4 Image acquisition, processing and storage

2.5.4.1 Gamma image

The HGC acquirethe gamma images over a period of tiamel the raw images were

stored in .rec file extensioBubsequently,hie imagse were analysed on a frame by
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frame basi sdeatsda mtgiritban withbalt@gatic scale selection, i.e. to
find the best fit of a Gaussian distribution to each individual light splash. The scale
space theorj43] allowedthe analysis of thewvo-dimensional2-D) image. It ceatel

a scalespace representation from each frame of the image through the convolution of
theimage with Gaussian kernels of increasing scale. A scale normalissidHemtrix
(Laplace operator) veaapplied to each layer of scapace representation.otal
maxima in this3-D scale space stack correspedtd o a A b r(poigt bfinterbst) o b 0
with the location of the blob given by the position of the maxima in the original image
dimensions, and the scale of the blob given by the position of the maxihma scale
dimension[98].

As thescaleproduced wa limited by the discrete values chosen for creating the-scale

space representation, an additional peak fitting algoritva® applied to the scale
dimension ¢ interpolate, and therefore impralvéhe accuracy ahe result. Stepping

through the frames that make up the image, every gamma interactiod lwe
characterisedby a representative Gaussian with a peak intensity, A, and a standard
deviation, 0. An ewargyeapedtbymtakshggth
A for all scintillator event$98]. The blobbed image datvere then stored in .btx file

extension.

The blobbed image can be displayed in either centre point or cumulative modes. Centre
point mode image displayed the peak of the Gaussian fit of individual light splash as a
single event; while cumulative modmage displayed the whole Gaussian fit of light
splashes with a peak ampl i These émaghs wened a
displayed in the IDL software and stored eithdDdigital Imaging and Communications

in Medicine (DICOM), Tagged Image File FormdTIFF) or Joint Photographic

Experts GroupJPEG) image formatGamma image data analysed in this wey

DICOM or TIFF extension)could also be quantified. Customised metadata were also

stored however these were incompatible with the standard nucledicine

workstation.
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2.5.4.2 Optical image

The current version of the optical camera was embedded with a compact @nipset
spacesaving and economieasonsThe generated optical images were azdoected

with parameter o&uto gain, exposure, contrastiaetion, and white balancémage

data was stored in JPEG image format with the colour precision of 32 bits per pixel
(RGB). Simple metadata were also stored with the information limited to image size,

data precision and file size.

2.5.4.3 DICOM image compatibility

Digital Imaging and Communications in Medicine (DICOM) is a harmonised standard
in digital medical imaging developed by the American College of Radiology (ACR)
and the National Electrical Manufacturers Association (NEMA). It provides necessary
toolsfor diagnostically accurate representation and processing of medical imaging data
[99]. These inalde protocols of data format, storage, transfer and display to encompass
all functional aspects of digital imaging. DICOM enables the integration of a group of
medical devices, such as workstations, printers and picture archiving and
communication system{®ACS) from different manufacturers. Each device is required

to state the DICOM classes in which it supported in the DICOM Conformance

Statements.

A consistent set of data formatsables interchange of various type of medical imaging
information ondifferent media. Any digital image file that compliant with part 10 of

DI COM Standard are considered as ADI COM
and header. Each header generally contains important information related to the image
data sets, sincas patient demographics, image acquisition parameter and so on. These
DICOM attributes are organised in a standardised series of tag, for exaouukateon

datei n t he tag of A0008,00220.

The ADICOM gamma i mageso prod@overdnoby t
compatible with the DICOM 3.0 Standard, therefore they were not interchangeable or

readable by any clinical workstation within the hospital environn@mée requirement

of the study was to reproduce these gamma images to a DICOM 3.0 standard.
MATLAB® R2015b (The MathWorks, Inc., Natick, Massachusetts, UBéyides the

f

h e
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function of writing a DICOM image. Firstly the attributes of the image header were
identified and compared with the header of the image generated by a clinical LFOV
gamma camera (Nc | i nRirg-R,Mediso, Hungary Matlab code was developed

to edit the image header so that the essential attributes could be added to the gamma
image (Sed\ppendix Al). The edited DICOM image could then be loaded into and
viewed bythe clinical nuatar medicine workstatiofHermes Medical Solutions,
London UK) This provided an interim solution to enable further analysis on the
standard nuclear medicine workstation prior to any further revision of the IDL software

as mentioned i®ection2.5.3

2.5.5 Hybrid image

For this version of HGC, th2D optical images were captured directly from the optical
camera electronics with the aid of bespoke interface software. The gamma camera
produced a planar imagisthe position of both the optical camera and gamma detector
(distance between the CCD and the pinlegiimator was10 mm) were calibrated,

this resultedn a constanscale factor for all distances. However, differences in the
alignment of each image reigged minor spatial corrections. The camera system allowed

either single or duatmodality mode acquisition during operation.

The magnification of the systems depends on the distance between the object being
imaged and the collimatomhis required thggamma image to be modified to match

with the optical image by applying an appropriate scale factor and adjusting the
orientation. The gamma image was superimposed on the optical image using the pixel
addition methogwith coregistration of both the gammaage pixel and optical image

pixel. Figure 2.18 shows an example of the optical, gamma and hybrid images. The
fused images were saved and displayed in any type of the image formats, which
included Tagged Image File FormdTIFF) o Joint Photographic Experts Group
(JPEG).
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Figure2.18: Exampleof the fused images (rightla combination of the optical image (left) and gamma
image (middle) of a phantom filled with red coloudi@active solution in the wells.

2.6 NebulEYE Mini Gamma Camera

The Universities of Nottingham and Leicester through their-eptrcompany Gamma
Technologies Limited further developed the prototype HGC, in collaboration with
Xstrahl Limited(Surrey, UK). Ths was intended to translate the laboratory prototype

to a standard medical device. The NebulEYE mini Gamma Camera System (Nebuleye)

was manufactured by the industrial partn&igure 2.19 shows a photograph of the
precommercialpr ot ot ype Nebul eye at Queenbds Med
components of the camera headg(re 2.20). The technology of the camera was

similar to the HGC with minor modifications and taking ergonomic and manufacturing

factarsinto considerationTable2.3 shows the technical details of the Nebuleye.
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Display screen 1

Display screen 2 anc \
Integrated PC

Keyboard & mouse

Nebuleye gamme
camera

Adjustable arm

Electronic control box

Cart with integrated
mains isolation

Vo

Cooling syste

Shielding

CCD coupled
to scintillator

Pinhole
i collimator
L e
o W Optical camera

Mirror

Figure 2.20: (Left) Photographof the Nebuleye held on an articulated arm. (Right) Csessional
schematic diagram of the Nebuleye (Image courtesy of GTL).
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Table2.3: Technical detils of the Nebuley§L00].
Gamma camera detector 1.5 mm thick CsI(TI) coupled to CCD¢

Detector Operating Tenapature -10°C to-1°C

Energy Range 30-200 keV

Collimator 1.0mmdiameter pinhole
System Weight 80 kg

Height 1.978m

Width 1.449m

The intendeduse of the device wa®r intraoperative and dalside hybrid optical
nuclear imaginglt was mounted onta positioning arm and trolley to assist with
movement and positioning of the camera a

theatre.

2.6.1 NebuleyeGamma Cameraintegrates with optical imaging

The Nebuleye gamma camera consisted of 1.5 mm thick Csl§@&)atrscintillator
coupled to CCD, pinhole collimator, optical camera, mirror and cooling system,
encapsulated in a4designed plastic enclosure made frémrylonitrile Butadiene
Styrene (ABS) It was designed to be compact enough to be handheld bydrstap
and weighed approximately 1 kfihe Nebuleyeutilised a single 1.0mm diameter
pinhole collimatorlt was made from tungsten 6 mm thick in a circular shape around
the pinhole and 3 mm thick at the sid@$e pinhole collimatorhad a 60 degrees
accepance angleFigure 2.21 shows the fabricated pinhole collimator removed from

the camera head.

Figure2.21: Pinhole collimator of Nebuleye.
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2.6.2 PC with Nebuleye software

The cameraystem was equipped with an integrated, medically approved PC operating
in Windows Operating System 7 Professional. A second teaden display monitor

was provided offering multiple itheatre user configurations. Bespoke Nebuleye
software was develodeusing C# 4.0 programming language and was provided to
control use and calibration of the camera systéigure 2.22 shows the main page of

the beta software providing menu options for various functions and applications.

m 08y S |||"n§AMMA

Image Review (DEBUG)

> ation
ney 5

Logout

Figure2.22: User interface of the Nebuleye software.

2.6.3 Image acquisition, processing and storage

As with the HGC, Nebuleye acquired the gamma image frame by fraerea period

of timeand the raw image was storin .rec file extensioisimultaneously, the optical
image was captured in either auto focus or fixe@lfdéstance mode and the image
data was kept in JPEG format. Both images were combined to produce a planar hybrid
opticakgamma image in the same emtation. The hybrid images were stored and
displayed in JPEG format. It is worth noting that at the time of writing DICOM
compliance was never availablgth the current version of software (beta v1.3.320)
which was still under development particularly fmage posprocessing and image

storage.

2.6.4 Cart

The Nebutye wa suppliedas a fully assembledart based system (Pswart, ITD

GmbH, JohanniskirchenGGermany to assist movemenh the clinical environment.

This was anEC 60601 Approved Cart with integted mains isolatiomhe basic frame

of the cart carried a shelf for holding the electronics box, an articulated arm to hold the
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camera head, a keyboard holder with mousepad and twin monitor mouBtiagss
on the cart wheels ancpash handleased tha control of the system during manoeyver

positioning and storage.

2.6.5 Sterile sheath

To maintain the sterility of the camera system during intraoperative procedures, a
camera sheath specifically designed for the camera head was used. The sterile drape
was manufactured by P3 Medical Limited (Bristol, UK) with a cap to fit into the camera
head, and optical window and an adjustable sheath with three acrylic adhesive straps,
long enough to cover the articulated arm and the c#itgire 2.23), permitting the

correct connection and operation of the camera. The transparent cap window with
removable objective lens cover enabled the incoming light photons to pass through
while minimising image degradation caused by thet@h attenuation processes.

Table2.4 provides details of the sterile sheath.

Figure2.23: The sterile drape fitted on the Nebuleye. (Inset) Clear cap wind@Ndw production of
the optical image.

Table2.4: Technicaldetails of the sterile sheath.
Size 150x 2500mm

Method ofsterilisation  Ethylene Oxide

Capmaterial Solid co-polyester sheet

Sheathmaterial Ethylene Butylene Stgne BlockCopolymer
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2.7 Summary

This chapterhas described the development of the com@®V gamma camera
systemsand incorporation of the optical cameras to become the hgpticalgamma

camera system®etailed descriptions of thdGC and Nebuleye were provided and

this version of the camera systems, unless otherwise stated, were used in subsequent
work described in this thesis. Prior to clinical use, characterisation work (as discussed
in Chapter3) and evaluation work using clgally mimicking phantom and test objects

(as discussed i@hapters) were required to rigorously assess the performances of the
camera systems. In additioathical and regulatory requirements as well as safety
assessments needed to be addressed to ¢hnsutevice was safe to be used clinically.



Chapter 3
Characterisation of the SFOV

Hybrid Optical Gamma Camera

3.1 Introduction

Testingthe performancef gamma cameras is essentialorderto determine if the
device meetsthma n u f a cspedcificagbnsand is operating within theet parameter
limits throughout its period of clinical use. The testing screwdopted bythe
manufactures have beerbased on the methods developedrigrnational standards
organisations such as National Electrical Mactidirers Association (NEMA) arttle
International Electrotechnical Commission (IEThe mairninternationally harmonised
standards relevant tnedicalgamma camera manufacturing treNEMA NU 1-2012
Performance Measurements of Gamma Cam¢i@d] and IEC 6163-2:2015
Radionuclide imaging devicesCharacteristics and test condition®art 2: Gamma

cameras for planar, whole body, and SPECT ima[jifg].

User acceptance tests or validation tests are carried out by the user after thdhaamera
beeninstalled in the clinical environment. Tlisertest potocolsshouldbe identical

or as near as possible, to those usedherfactory testing This allows the user to
assess if theameracomplieswith the specificationsetby the manufacturer. These
testsof the cameralso provide baselingerformancelata forcomparison with future
routine performance testfor quality control purposesNational authoritiesand
organisations such as American Association of Physicists in Medicine (AARMed
States of America (USA9nd Institute of Physics and Engering in Medicine (IPEM)
United Kingdom (UK)have also publishedetailedtest protocols foregular use in the
clinical setting Boththe acceptance and reference tests are required to be repeated if
therehas beera changen cameracomponentssuch aslue to equipment breakdown

or a major servicthatcouldaffectcamera performance.

55



Chapter3. Characterisation of the SFOV Hybrid Optical Gamma Carhbéa

Routine quality control tests are performedegjularintervak as specified in the local
protocols and operating procedur8sme otheseare operational checks whishould
be carried out daily before the camera is used. The results s tdss are then
compared with the baseline vasute determine if the preefined performance limits
are met.Details of the routine quality control tests fime SFOV Hybrid Optich
Gamma Camera are discussedirtion6.5. At the time of writing therewas aack
of harmonised protocsfor the testing o6FOV gamma camesaMoreover, th&&FOV
Hybrid Optical Gamma Camernavolves the combination of gama and optical
camerasboth of which require individuaimage qualityassessment in addition to
checkingthe alignment of fused imagdsgure3.1 summarsesthe levels of a gamma
camera performance assessmérased on théntermational Atomic Energy Agency
(IAEA) publicationg103].

Aby the manufacturer with harmonised protocols in
factory settings
Factory testing Ato determine the required specifications are met and
compare with other similar device
ANEMA, IEC standards

Aby the user and/or technical specialist after
installation or major change of device component(s)
Acceptance with harmonised protocols

testing Ato confirm the manufacturer's specifications are met

Aby the user before clinically use or major change of
device component(s) using national, in house or
manufacturer protocol

to establish the device baseline performance
AIPEM, AAPM, IAEA guidelines

Reference testing A

Aby the user routinely using national, in house or
manufacturer protocol in clinical settings

Ato confirm the performance limits are met

Figure3.1: Performance assessments t h(Based gnhAEA Human ga mma
Health Series No. BLO3])
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In this chapter the tests for characterising the performance of the new prototype
Nebuleye camera are described. The camera was assessea ssingfmodified
characterisation protocokpecifically developedor SFOV cameras. The test results
were then comared with the prototype HGC.

3.2 Performance characterisation of the cameras

The Nebuleye mini gamma camera system is a combined optical and gamma camera
system intended for intraoperative and bedside hybrid imaging. The system provides
gamma images to ubtrate the physiological information of a living subject
adminisered with a radiopharmaceuticand optical imageto show the anatomical
information of the region of interesSthe camera head mounted onto an ergonomic

arm and cart to assist the mavent and positioning of the device, enapthe camera

system to be used at patientds bedside an

The performance dhepre-commerciaprototypeNebuleye camera was assessed using
protocols thahad been specifically developkxt testingSFOV gamma cameras. These
test protocols wermodifiedprocedures developed by the Univeesitf Leicesterand
Nottingham [104, 105] based on those produced by tmstitute of Physics and
Engineemg in Medicine (IPEM)106] and the International Atomic Energy Agency
(IAEA) [103]. The testing procedures were adjusted to suit the newly agegigmera
system and were harmonised to make totanparison possibl®etweensimilar
imaging systems. Most of therocedureshave two test components, namely
intrinsic and extrinsic measuremt. An extrinsic testvhich is also known agsystem

test, includes the effect of the collimatdugby et al[105] has reported the
performance testef SFOV gamma cameras which includes intrinsic uniformity,
sensitivity, intrinsic and extrinsic spatial resolution, spatial linearity and count rate
capability. Thesystem uniformity and sensitivity, detector head shielding leakage,
opticakgamma alignmentas well as optical image quality test were carried out

experimentally for the first time.

During the experimental period, the software and hardware weege period of
developmentThe tvo camera systems used in the characterisaticsviese the early

pre.commercialised prototype of Nebuleye (Nebuleye 2 daduleye 3) which were
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provided by the manufacturer for testing and research purposes. These cameras were
almostidentical excepthatthe optical rig in Nebuleye 3 waggraded to provide a

more accuratalignmentfor gammaoptical image fusionThis verson of software did

not include 6bl ob detecti on 6Settiena%.3wase, hen
used to analyse the gamma images, enabling further quantification work to be carried

out. All radioactivityused in theexperiments was obtained from the radiopharmacy

uni t at Queenods shkhyatiusing la doSeecalibrater (CRIBR, a
Capintec Inc, NJ, USA)

Image analysis was carried out uslbd. software v8.5.1 (Exelis Visual Information
Solutions, Inc., Bulder, CO, USA),ImageJ 1.50b (NIH, USA), MATLAB R2015b
(The MathWorks, Inc., Natick, Massachusetts, USA) and GraphPad Prism version 6.07
for Windows (GraphPad Software, La Jolla California, USA)he following
parameters were assessed:

a) Intrinsic spatiaresolution(Section3.2.])

b) System spatial resolutiqi®ection3.2.2

¢) Intrinsic uniformity(Section3.2.3

d) System uniformitySection3.2.4

e) Intrinsic sensitivity(Section3.2.5

f) System sensitivitySection3.2.9

g) Spatial linearitySection3.2.7)

h) Count rate capabilit{Section3.2.8

i) Detector head shielding leaka&ection3.2.9

J) Opticakgamma alignmeniSection3.2.10

k) Optical image qualitySection3.2.11)

3.2.1 Intrinsic spatial resolution

The intrinsic spatial resolution is a measure of the sharpness and detail of a gamma
image, withouuse of thecollimator. It is normally reported either as the full width at
half maximum (FWHM) of the line spread function (LS¥pduced froma thin line
souce, or point spread function (PSHtained froma point source, or as the minimum
separation of two sources that can be discriminated from each other.
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The testing protocalsed for this workvas based on the methsaggested by Bugby

et al [105]. The camera head was turned to face vertically downward. A 1-ghnokn

lead mask, containing a machined slit of 2 mm width and 20 mm length in dimension
wasplaced on the face of the wollimated gamma camera. Thesgmn of the slit was
carefully aligned with the x and y axes of the camera head. The distance between the
mask and scintillator detectovas 8.5 mm due to camera design. The camera was
irradiated by gamma fluxes originated from a 3 -giameter®®™c poirt source
(15.3MBq) placed 250 mm away from the maskgure 3.2). Images wereacquired
containingl8000 frames (30 minutes). The proceduasrepeated with the lead mask

rotated througtan angle oB0°.

=

Figure3.2: Photograph of experiment set up during intrirsgiatialresolution test. A°™Tc point source
was positioned at a distance of 250mm from the attached slit mask.

In each case the resulting image was a line correlspgmothe spatial distribution of
detected events resulting from the gamma rays that passed through the sit hmask.
profile was drawn on the image display perpendicular to the slit image and presented
as edge response function (ERF). Then thedpread function (LSF) was derived by
performing the first differentiation of the ERF. Each peak oflif& plot was fitted

with Gaussian distribution model in order to determinguhevidth at half maximum
(FWHM) and the full width at tenth maximum (FWI) values.
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Figure3.3 (a) shows an example of the resulting image for the intrinsic resolution test
with the slit mask positioned horizontally. Due to the lead mask not being perfectly
aligned with the detectorray principal axes, the acquired image was rotated to account
for the misalignmentFigure 3.3 (b) shows the ERF across the line profile with the
summed number of counts atyis. The low level signal (5 £ 4 coish at both sides

of the image indicates the background count level while the high count levels (176 +
12 counts) represents the counts within the slit. Where the number of counts within the
slit remains level the graph shows a plateau situated betwssplystscending and
descending edges. The derivative of the ERF generates the LSF as skayund8.3

(c). The two peaks indicate the edges of the slit profile. The results were then presented
in absolute valuge (modulus of negative values) with Gaussian model fitted as shown
in Figure3.3 (d).

2501

200 ﬁ...s.o..‘. .

°
1504 *e oo

Number of counts
[ )

2 mm 0 20 20

Pixels

=@~ Modulus Derivative
501

—— Gaussian fitted peak

Derivative
M odulus Derivative

-60 T T T T 1

Pixels

Figure3.3: (a) Example image of the slit mask (rectangle shaped) taken by the camera with 30 minutes
acquisition time was plotted as BRF. (c) LSF was calculated as the first derivative of the ERF and (d)
the absolute value of the resultere Gaussian fitted.
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Table3.1 tabulates theneanresolution measurements of the camera using both edges
of the slitimages where the slit was orientated parallel and perpendicular to the detector
ar r ay 0 d4axgsinirespedtiye acquisition. Timeasuredesolution of the camera

was approximately 4 to 5 pixels (pixel size|6# x 64 um).

Table3.1 Intrinsic resolution measurement of Nebuleye.
Parameter Measurement

FWHM (mm) 0.28+0.02
FWTM (mm) 0.52 +0.03

3.2.2 System spatial resolution
System spatial resolution {Rs the measure of the sharpness of the image recorded

with a gamma camera, which includes the effect of collimator and can be estimated by:

where R is the intrinsic resolution andcRs the collimator resolution. For pinhole
collimators, several parameters determine the collimator resolutimese include
pinhole diameter, sourem-collimator distance (SCD}he angle between the source
and the central axithelength of the collimator hole, the pinhole acceptance angle and
the collimator materialvhich affects thdinear attenuation coefficienfnd energy of

the radionuclide imaged his measurement is more clinically relevant in comparison
to the intrinsic spatial resolution. As a rule of thumb, the system spatial resolution
degradesas theSCD increasesFor SFOV gamma cameras mounted watpinhole
collimator, the system spatial resolution is normally reported as the FWHM and FWTM

of a LSF or PSht the noamagnifying point with scattering medium

The measurement was carried out with the 1 mm diameter pinhole collimator in place
and the camera head wasrted to face vertically downward. A 1 mm diameter
capillary tube (source width identica the geometric resolution of the pinhole at the
norrmagnifying point) filled with 39.3 MBq of**™Tc (at a concentration of
78.6MBq mlt) was used as lensource. Tie capillary tubsvas positioned as straight

line in betweenwo PMMA plateof 5 mm in thicknessvhich placed adjacent to each
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other as shown iRigure3.4. Image acquisition was carried out for 300 s wiBMMA
block 10 mm inthickness placed in between the camera head and the line source. Then
the procedures were repeated with variBddMA blocks thickness range between

20mm and 70 mm at 10 mm interval.

2 mMIm

Figure3.4: (Left) Photograph of equipment set up during system spatial resolution teMMA plate
10 mm in thickness was positioned betweefi™c line sourcedrrow) and the camera hea@Right)
Example image of the line source with 10 mMMA as the scattering mediyrtaken by the camera
with 5 minutes acquisition timémagewaspostprocessed with the multiplication of 100 asrdoothing
filter of 1 pixel was appliedviagnification factor was incorporated on the image scale bar.

Figure3.4 (right) shows the resulting image of the test with a line corresponding to the
shape of a line sourca line profile was drawn perpendicular to the line sowand

the data was Gaussian fitted. The FWHM and FWTM values were calculated. Th
magnification factor was taken into consideration during the calculation of the values
based on the SCD. These values were then plotted against the thickpisbd Adfand

the graph was fitted by linear regression. From the linear equations, the FWHM and
FWTM at the noamagnifying position (SCD at 10 mm) were extrapolated since the
experimental measurement was not possible at this position due to the occupancy of the

optical rig in front of the collimator.

Figure 3.5 shows a gnah of the computed resolutions agaitist PMMA thickness.
Resolution dgradeswith the increase the PMMA thickness. The linear relationship
between distancel, (scattering material) and resolution for the camera are tabulated in
Table3.2. The FWTM values increase more rapidly thize FWHM values due to the

decrease in signdab-noise ratio(as a result of reducing sensitivitylith increasing



Chapter3. Characterisation of the SFOV Hybrid Optical Gamma Carhé&

thickness of thePMMA as discussed i8.2.5 The FWHM resolution at the nen
magnifying distance (10 mm) and at the camera head window surface (28 enen) w

found to be 1.84 + 0.69 mm and 3.08 £ 0.71 mm respectively.
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Figure 3.5: System spatial resolution measurements for Nebuleye using 1.0 mm diameter pinhole
collimators. FWHM (red circles) and FWTM (blue squares) values with the best fitted lines for a range
of PMMA thickness are plottegh=3).

Table3.2: Linear relationship between depth of scattering material and resolution of the camera with
gradient m andyntercept c calculated using GraphPad Prism software.

Resolution Fitted parameters R?

m C
FWHM 0.069 + 0.009 3.081 +0.387 0.927
FWTM 0.126 + 0.016 5.624 +0.706 0.927

3.2.3 Intrinsic uniformity

The ntrinsic uniformity is a measure of the degree of uniformity of count density across
the detector. It is measurday irradiatingthe camera detector with a unifornuxl of
incident photons, without a collimatan place The variations of the count density
within the image indicate changes of camera performance caused by spatial non
linearity and inaccuracy of energy response. Intrinsic uniformity may be quantified
eitherby the changes in uniformityver anentire image or variation in count density

over a specified distance. In geneedhwer value indicates higher uniformity.
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A 3 mm diameter point sourcentaining26.4 MBq of**™Tc was placed 350 mm away
from the detectofaceto provide a uniform gammeraditionacross the detectdfigure

3.6). At least two flood images were acquired with 30 minutes acquisition time. Dark
image, or known as background image were takém600 s acquisition time, without

the presence of radioactive sourbtatlab code was developed to analyse the image
(SeeAppendix A3.).

Figure3.6: Experimenal set up fortheintrinsic uniformitytest. A%*™T ¢ point sourcgarrow)was placed
underneath of the Nebuleye with the collimator removed.

Figure 3.7 (a) shows an example of the resulting flood field image. Higher count
densities were found in the ddle of the image (count densities gradient gradually
decreased from bottom to top of image). Tdusld bedue to the dark signal gradient
of the CCD with the increase of detector temperature over image acquiSiieral
pixels of outliers were noticbée particularly acold spotindicatinglower detection
efficiency regionsFor the fht field correction, aflood mask image was created by
subtracting the dark imad@em flood field image follonedby normalising the resulting
imageto its maximum pixelalug to create a correction map witbnsistehdynamic
range For uniformity quantification, dlood field image was subtracted with dark
image and divided by the flood mask imageorrect the nominiformity of the image

A median filter was appliedtthe resulhg image and it was subsequently quantified
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by obtaining thenaximum,minimum, mean and standard deviationcofunts per pixel

of the imaggFigure3.7(b)). In this test, the overall and regional chesig the image
uniformity is reported as integral uniformity, coefficient of variation (CoV) and
differential uniformity (DU) respectivel{106]. Integral uniformity (IU) is a measure

of the overall uniformity of the hole field of view. It is defined as:

Cma')pmi
| Us=——"T100¢%

Cma'JECmi n 32
where Ghax and Guin are the maximum and minimum counts per pixel of the image.
CoV is a measure of the overalination of count density in the image and is defined
as apercetiage (%)

u

CoVi=T 100 33

whereA is the standard deviation of counts per pixel and M is the mean counts per
pixel. DU can be calculated by Equati®d. The mean differential uniformity walsen

computed with 10 times of repeated DU quantification.

DU—C c 10
T ¢ 34

where Giaxand Gnin are the maximum and minimum counts per pixel of the image.

Figure3.7: (a) Example of a raw flood field image obtained by Nebuleye 2 and (b) thangsoiage
after flat field corrections were applied. A cold sfred circle)was observed in the raw flodield image
indicating lower detection efficiency regions.
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Table 3.3 tabulates the calculated uniformity measurements of the caimezgral
uniformity was more than 50 % indicating poor intrinsic uniformityoas the entire
FOV. Similarly, CoV was higher than DU indicating big difference in count densities
with pixels of very high or low counts within tH€OV. This is further confirmed by
examining the pixel intensity profile (variation of count densities)ssrepresentative

row of the uniformitycorrected imageHigure 3.8). These values were normalised to
the mean intensity of the pixels within the selected row. The number of counts were
range from 49 to 89 counper pixel (67 £ 9 mean counts per pixel).

Table3.3: Intrinsic uniformity measurements of Nebuleye.

Uniformity Measurement Measurement (%)
Integral uniformity 51.72

Coefficient of variation 13.54

Differential uniformity 8.34

No correction

I T

2 =
o N o

Normalised pixel intensity

o

Normalised pixel intensity

Pixel

Figure3.8: Normalised pixel intensity of the flood image without correction (top) and with correction
(below) for intrinsic uniformity test.

3.2.4 System uniformity

Similar totheintrinsic uniformity test, system uniformity is a measure of deviation of
count densities iran image, which includes the effect of any irregularities in the
collimator. In this test, the werall and regional changes of anage uniformityare
reported aghe inegral uniformity, oefficient of variation (CoV) and differential

uniformity (DU) respectively.This testwas newly introduced to examine the



Chapter3. Characterisation of the SFOV Hybrid Optical Gamma Carhéra

performance of the SFOV gamma camasait is a more realistic and clinibatelevant
way of assessing the caraed s p e r. it maymserve @ a daily quality control
check because it can hEerformedwithout removing the collimatorThe gstem
uniformity test is a measurement recommended by IREM]. For LFOV gamma
camers, the test is carried out using a thin flood sourc&®fc (approximately64 x
45.5 cmin dimension)placedagainstthe collimator to irradiate the entire FOV with

uniform flux of photons.

Forthis measurement, a 40 ml Greiner standard cell culture (f@skinal size (mm):

70 L) x 35 W) x 24 H)) was filled with 15 ml of mixed coloured water af#iTc
pertechnetateolution(TcOs) in a concentration of 2.2 MBg/nirhe cell culture flask

is made of higkgrade polystyrene with standard screw cap to atlwedradioactive
source causingcontamination. The camerditted with 1 mm diameter pinhole
collimator, was turned to face vertically downward. The flood source was positioned
with a source to camera surface distance of approximately 13 mm to provideraun
gamma illumination across the detecteigure3.9 shows the experiment set up for the
system uniformity test. At least two flood images were acquired with acquisition time
of 30 minutes respectivelA dark image,also known asa background imagewas

taken without the presence of radioactive source a#00 s acquisition time.

Figure3.9: The flood source placed within field of view of the camera.

Figure3.10 (a) illustratesan example of the resulting flood field image. Higher count
densities were found in the middle of the image (count densities gradient gradually
decreased from bottom to top of imagkd.discussed earligthis might due to the dark

signal gradient of the CCD with the increase of detector temperature over image
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acquisition.Flat field correctionmethod was identical in Secti@?2.3wherea flood
mask image was created by subtiragthe dark imagé&om flood field image folloned

by normalising the resulting image its maximum pixel valueSubsequently, 8ood
field image was subtracted with dark image and divided by the flood mask tmage
correct the nowniformity of the im@e Then amedian filter was applied to the

resuling image prior further quantificatiorF{gure3.10 (b)).

Figure3.10: (a) Example of flood field image anb)(correctedlood imageobtained by Nebuleye. 3

Table 3.4 tabulates the calculated uniformity measurements of the caitezaCoV
value for original image and uniformity corrected image was 35% and 20%
respectivly, where itshowsa significant improvement after the correction applied. The
IU was higher than DU indicating big difference in count densities with pixels of very
high or low counts within the field of vievt was also higher than the 1U quantified in
intrinsic uniformity test. One of the reasowas due to the spatial namiformity
caused by the pinhole collimatfd6]. Figure3.11 illustratesthe pixel intensity profile
(variation of count densities) acrosmpresentative rowof the uniformitycorrected
image These values were normalised to the mean intensity of the pixels within the
selected row. The number of counts waceoss aange from 21 to 48 counts (32 £ 5

mean counts per pixel).

Table3.4: NebulEYE mini gamma camera system uniformity measuremétitsuniformity correction

applied
Uniformity Measurement Measurement (%)
Integral uniformity 70.73
Coefficient of variation 19.58

Differential uniformity 16.55
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Figure3.11: Normalised pixel intensity of the flood image without correction (top) and with correction
(below) forthe system uniformity test.

3.2.5 Intrinsic sensitivity

The ntrinsic sensitivity is aneasure of the proportion of the detected gamma rays
emitted from a known activity of radionuclide by a gamma camera without collimator
in place. It is usually reported as the ratio of the count rate per unit activity measured
in units of cps MB¢ at a déined distance from the source to the detector surface.
Several factors influence the sensitiwtijthe camera, such as type of radionuclide and
thickness ofscintillation crystal. The sensitivity of the camera is proporicio the
thickness of the cryal and inversely proportion to the radionuclide energy and the

thickness of the scattering medium.

A 3 mmdiameter hole was filled with 16 MBY™Tc to act as point source and was
placed 250 mm away from the detector surface. The strength of thectadipavas
assayed and the exact time of the measurement was also reéofided image was
acquired with acquisition time of 500 s. The image acquisition was repeated with the
addition of scattering mediunP MMA range from 10 mm to 70 mm at 10 mm intd)

in between the source and the camé&hetime for each acquisitionasrecorded. Raw
images were pogirocessed (without applying correction map) and the number of
counts were quantified. The counts in tegion of interestROI) of the image was

used to determine the count rate and the activity was corrected based on the time of the

measuremerdnd standard decay calculations

Figure3.12 shows the relationship between the intrinsic sensitivity of theeca and

the thickness of the scattering medium. Adstbexperimental settings, the thickness of
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PMMA requiredto reduce the sensitivity to half was 67 mrif=Q.99). The intrinsic
sensitivity was 12.4 cps MBgwith the source positioned at 250 mm awaynfrthe
detector surface, which is approximately 15% of the estimated incident photons

calculated from the solid angle formul@guation3.5).

) Ub
Y=t4an

2h 4h2+(P+b°

35

whereh is the distance of a source placed at the centre of a rectangular detector of
dimensiondJ x b. Theincidentphotonson thedetectorfrom an isotropic pimt source
is theproportion of photonsu— . In contrast, the theoreticaknsitivity of the camera
with athickness of 1.5 mm CsI(Tl) crystal is 43.6% at 141 k&¥7]. In general, the
decrease of SFOV gamma camseasitivitymight due to the following reasons:
a) inefficiency in the detector coupling between the talyand the EMCCD
b) losses of count due to the smaller size of detector and the position of the source
c) attenuation within the source holder
d) attenuation by the aluminium lid (as the vacuum lid positioned in front of the

detectorHVL for aluminium at 140 ke\~18 mm)

157

104
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Figure3.12: Relationship between intrinsic sensitivity and the depth of scattering méadi8j
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3.2.6 System sensitivity

The ystem sensitivity is testof the count ree response of a collimated scintillation
camera to a radionuclide source of known radioactivity. It is reported as the ratio of the
count rate per unit activity measured in units of cps MBga defined distance from

the source to the detector surfagsually at the nomagnifying point). This parameter

is mainly influencd by the intrinsic sensitivity of the detector and the collimator
efficiency,g. Therefore, it needs to be measured individually for each collimatoa For

pinhole collimator, collimadr efficiency[14] is given by

de Cf 03(‘5
— 3.6
1 B°
where'Q Q'Q ¢ 0o @wt8Based orEquation3.6, the collimator efficiency

is directly related to the effective pinleadiameter and decreases withreasingSCD.

In the experiment, approximated) MBq of *°*"Tc-pertechnetate solution whsldin

a 3mm diametemwell. Then the activity of the source was assayed in the radionuclide
dose calibrator and the time wasarted.Figure 3.13 shows the experimeaitsetup

during the test. A 1.0 mm diameter pinhole collimator was fitted in this version of
camera. A 200 s planar image was acquired, with and without the presence ohgcatte
medium. The acquisition was repeated at the source to camera slisfanedbetween

10 and 70 mmKMMA range from 10 mm to 70 mm at 10 mm intervahe timefor

each acquisition asrecorded. Raw images were ppsbcessed (without applyirag
correction map) and the number of counts were quantified in order to compute the decay

corrected count rate the ROlselected irthe image.



Chapter3. Characterisation of the SFOV Hybrid Optical Gamma Carhéga

Camera

Point source =

Figure3.13: Experimental set up for systesansitivitytest.

In this test, a series of measurensaming the same point source (with or without
scatter in between source and the camera) at differentv@&e®takerto measure the
system sensitivityFigure 3.14 showsthe relatonship between the system sensitivity
and theSCD in comparison with thealculatedcollimator efficiency. The measured
system sensitivity anthe calculated collimator efficiency decreased with the increase
of the SCD. By extrapolating the measuremethts,system sensitivity was 8.86 cps
MBq* at the nonrmagnifying distance and 3.82 cps MBat 50 mm away from the
collimator without the presence of the scatter. With the presence of the scattering
medium, the systesensitivitywas lower in comparison ti the data acquired without

the scattering medium.
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Figure3.14: Relationship of the collimator efficiency and system sensitivity (blueviitieout scatter;
red linewith scatter)of the camera with the depth of scattering med{oa8).
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3.2.7 Spatial linearity

Spatial linearity is a measure of the spatial distort@iculatedoy assessing an image

of a line produced by a slit mask. It is carried out intrinsically therefore excludes the
effects of collimator. It is reported as the absolute linearity (maximum deviation from
bestfit line) and the differential linearity (standard deviation of the{ieithe) in the

unit of mm. As this imn SFOVgamma camera, a slit mask was used tatera line in
gamma image. The experimental set up idastical to the intrinsic spatial resolution

test enabling the images generated from the test were used for this purpose. The same
experimenal procedures were repeated with the lead mask rotatedigh©90°. This is

to examine the nohinearity of the line image in both x and y direction.

Figure3.15shows the resulting image of the slit mask irradiated by the uniform gamma
flux in both the horizontal andhe vertical orientation. Ideally the lini the image

should appear straight. Due to the lead maslaiigperfectly aligned to the x and y

axes of the detector arrays, the acquired image was rotated to account for the
misalignment. For both images, phntensity profiles of the ROI within the slit image

were obtained and the profiles were fitted with Gaussian function. The peak value of
the Gaussian distribution was determined and considered as the estimated center point
of the slit profile. Then thdifference between each center point and its mean value was
calculated in term of mean, maximum and standard deviations. Then all measurements
were converted to the unit of um. During the analysis, 120 of 132 rows across the slit
were included in the cal@tions. Those excluded rows were outted ROlor due to

low signalto-noise ratios.

Table3.5 tabulates the results of the linearity measurements for the camera.

2 mm A 2 mm

Figure3.15: Horizontal and vertical slit images with the regions of interest (red rectangle).
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Table3.5: Linearity measurements Nebuleye

Linearity Measurement Measurement (um)

Vertical Horizontal Average
Mean deviation 50.3 108.0 79.2
Absolute linearity 198.0 288.0 243.0
Differential linearity 38.0 66.0 52.0

3.2.8 Count rate capability

The count rate capability of a scintillation camera is a measure of the relationship
between the recorded couate and the intensity of incident gamma photons. Ideally
therecorded count rate is directly propor@bito the incident count ratboweverthe
performanceloesdeteriorate at high count rates. As the count rate increases, there is a
chance of recordmtwo events at the same time, resultingcounting losses. This
causes the recorded count redeleviate from the incident count ragepecially when

high count rates can result in signal losses wtiereameraletection process may be
paralysed or pasparalysedIPEM [106] and Bugbyet al. [105] suggested that this
parameter should be reported in ternth&finput count ratein cpsunitsat which there

is a 20% diffeencebetween the recorded and input count rate. In contrast, NEMA

and Cherryet al. [14] haverecommended that the observed count rate at 20% loss
should be rported. The maximum recorded count rate is also typically gthdéd 103,

106].

This test was carried out intrinsically without the presence of scattering medium. The
decaying source method wased to determinéhe recorded count rate edchspecific

time interva) until theactivity of the source was negligible. In this experiment, a series
of nine point sources containif§™Tc pertechnetate solution with known activities
range from 2 to 55MBq was filled ina vial. The activity of the source was measured

in the radionuclide dose calibrator and the time of day was recdfdenle3.16 shows

a vial filled with radioactive source placed at 350 mm away from the detgaface
during the test. Each source wasaged with 10 s acquisition. The acquisition was
repeated at 1 hour intervals over 6 hours to ensure that a range of input couvemates

included



Chapter3. Characterisation of the SFOV Hybrid Optical Gamma Carhéta

The «act time of each acquisitionasrecorded. Raw imagesene posiprocessed
(without applyinga correction map) and the number of counts were quantified in order

to compute the background and decay corrected count rate. The incident counts were
calculated based on the activity of the source at the time the inag@ken using the

solid angle formulaéEquation3.5). Recorded count rate versus incident count rate was
plotted andh line of best fit calculated for the linear regiwasgeneratedn order to

calculate the relationship beten the measured count rate and the incident count rate.

|8 e 4

Figure3.16: The rmdioactive sourceasplaced 350nm away fronthe uncollimatedNebuleye

Figure3.17 shows the count rate response cubtined fotheNebuleye It illustrates

that the camera was paralysable. The linear region of the curve occurred at low count
rates (r>=0.993) suggesting that the detection efficiency of the cameralmastinear

for incident count rateip to 11 kcps. The input count rate and recorded count rate at
which there is a 20% loss was 15.71 kcps and 2537 cps respectively. The maximum
recorded count rate was 2845 cps. As described in Se8tihh the detection
efficiency of the camera without the collimator was approximately 15% of the incident
photons. This has result@dthe measured count rabeinglowerin comparison with

a typical LFOV gamma camera. The maximum recoabeoht rate for a clinichf usel

LFOV gamma camerfl3, 108]is 350 kcps. To standardise the comparison between
the SFOV and LFOV gamma camera, the recorded count rate at 20% loss and maximum

recorded count rate was reported in study.One of the limitations was that the test
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wasperformed without the presence of scatigmaterial consequentially irrelevant

to real clinical scenario where scattered radiation arising from the patient. This may
underestimate the count rate capgbof the camera and the recorded count rate may
significantly decrease in clinical situation.
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Figure3.17: Recorded count rate versus incident count rate curve of Nebuley

3.2.9 Detector head shielding leakage

The sides and back of aaregaroumied by ahieldinga 6 s
material to eliminate any unwanted radiation freemngdetecedby the camera. These
radiation sources might originate frowithin the paient, or from cosmic raysand
background radiation. Detector head shielding leakage is a measure of the sufficiency
of the shielding material within the camera head. The test is usually carried ow using
9¥MTc sourceandalong with another radionuclidehich producegiammaenergyat

the highest end of the range of those used clinically

IAEA [103] has also recommendadneasurment ofthe count rate of a 4 MBY™Tc

source positioned at twelve sites around the detector head as well as other potential
leaking points such any cable outlet. Each acquisition takes about 100 s. Thkn
measurements are divided by the refiee count rate acquired using the same source
positioned 10 cm in front of the collimated camera heachlculate the percentage of
leakage at each poinAll readings should be background corrected. Additionas test
should be carried out using a radichde corresponds to the maximum design energy

of the cameraThe maximum percentage of shielding leakageeorted.If the
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shielding is insufficient, the percentage value obtanoedd therefore exceed a value
of 100%.

For a typical LFOV gamma camer, NEMA [101] has suggested that two types of
measurement should be carried out. Firstly, the count rate of a test source placed at
different distances on top of the patient couch but outside the FOV is obtained. Each
measuremerns then compared with the refsrce count rate measured using the same
source positioned 20 cm away frcend directly in front othe camera collimator.
Secondly, two sets of count rate measuresenerequired with a source placed a2

away fromthe detectqrat the side and in framf the system

The shielding leakagestfor the SFOV gamma camera wasdifiedfrom the IAEA
protocol[103] to accommdate the specific requirementstbé SFOV gamma camera
design. As the camera heads a compactshielded enclosuraccommodang all
components itvas necessary to check if themereany weak points that potentially
lead to the unwanted radiation to chathe detector. Twelve check points were
determined withparticularconsideration of the exit point tie cable and the joints in
the shielding. A 4 MB3°™Tc¢ lutionin a volume of 0.1 ml was filled in a syringe to

act as point source.

The collimated camera head was positioned with the detector window facing
downward. The measurements were carried out with the source placed next to the
camera head at respective designated positieigairg 3.18). Then the souec was
located on the central axis of the collimator at SCD of 10 cm (position 12) to obtain the
reference count rate. Each data was performed with 100 s acquisition. The radioactive
source was subsequently removed and the background count rate was md&sured
procedures were repeated using a 4 MBtp sourcein 0.1 ml of the same type of
syringe.The shielding leakaga each position measured was expreasaghercentage

of the reference count rate according to IAEA recommendati@3.
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Positin
number

i 2
Figure3.18: (Left) Schematialiagram of the camera head showing the position of the source during the
shielding leakage test. Position number 12 is the reference point where the source was placed 10 cm in
front of the collimator. Right) Photograph of the experiment set up illustiatime camera head mounted
on an articulated arm and the source held by a clamp on a retort stand placed adjacent to the camera head.

Figure3.19 and Table 3.6 shows the lsielding leakage at designated positions of the
camera head as the percentage of the on axis reference value using different
radionuclidesThis rangedrom 3.1 % to 135.7 % and 8.1% to 175.1 % %8¢ and

1n respectively. The magnitude of the shiefuti leakage measured usikiin is
relativdy higher than those measurements performed (8Fiee. Both of the polar

plots are in a butterfly pattern, suggesting that the highest leaking ameatpositiors
numbeed?2, 3, 9 and 10. With reference ttetcamera diagram, these might be due to

the weak joints between the shielding material and the nearest distance from the source
to the detector. The straight line at the collimator axis was the reference count rate at
100 %.
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Table3.6: Meancount rate as a percentage of the reference count rate at various positions of the camera
head.

Position  Percentage of the reference count rate (%)

99MT ¢ EETS
1 6.1+25 26.6+45
2 135.7 £ 218.8 155.7 £7.8
3 76.8+12.1 175.1+35.4
4 17.4+11.8 86.6 + 3.3
5 53+1.8 20627
6 3.1+0.8 8.1+0.2
7 6.2+4.2 21.2+1.8
8 135+4.6 69.4+34
9 59.7+39.1 156.8 £ 16.1
10 30.1+29.4 1475+ 3.8
11 84+25 20.8 £16.2

*Large standard deation due to high leakage value in one of the measurement.

Figure3.19: Polar plos of the shielding leakage (%) corresponds to the position around the camera head
using®*"Tc (left) and'*4in sourcegright).

Detailed investigations were carried out around the region of the highest radiation
leaking points. Sixteen points were equally distributed oB&cross section of the
camera headHgure 3.20). From ths experiment, the shielding leakage as the
percentage of the reference count rate at each position was between 11.6 % and

644.7%. The polar plot shows the distribution of the radiation leakage pattern where
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threedistinctregions werdo bepoorly shielded. The unwanted photons that reach the
detector my cause the deterioration of the image quality and accuracy where more
noises will present in the image as shown inRigure 3.20 (inset). Themaximum
perentage of shielding leakadar the camera was 644£718.4 %.

Source
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Figure 3.20: (Left) Photograph of the camera head showing the source position number during the
shielding leakage test. (Inset) Hybrid ingscquired with the source placed at the suspected leaking site

of the camera head showing insufficient shielding of the camera head. (Right) Polar plot of the percentage
shielding leakage (%) corresponds to the position around the cross sectional dicttparamera head.

3.2.10 Optical-gammaimagealignment

The SFOV hybridoptical gamma camera consisted lmfth a gamma camera and an
optical camera. The accuracy of alignment of both modalities mainly departtie

position of the optical camera, mirrordathe pinhole collimatorlt is desirableto
achieveas closalignment of thdwo camerasas possible but this will depend on the
design and construction of the systémpractice sftware corrections are necessary to
ensure the image of the same streeton the gamma image and on the optical image

will be accurately superimposedn opticakgamma alignment test is a measure to
assess the alignment accuracy of the optical and gamma images. It is expressed as the
deviation of the centre of mass of a laratknbetween the gamma image and optical

image.

Alignment accuracy tests for an inrt@odality superimposed imag@re a unique
aspect of the performance testing for a hybrid camera, such as SPE@id PET
CT. In the context of PECT scannerthetypical methodusedto assess the alignment

accuracy of this modality is to image a test object which has structures that are visible
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on both PET and C[IL09]. Capillary tubes or syringes filled with B8 solution can be
used as a source and placed at different locations in the FOV of timescEhe gamma
images show the radiation distributions within the test object and the boundaries are
clearly shown in the CT imaging. The resulting fused image is then used to evaluate the

alignment accuracy using the software provided by the manufacturer

The Nebuleye 3 was used in this test as the optical mount had been previously modified
by the manufactureBefore performing th@lignment accuracy test, the scale factor
and the xy axes shift values of each camera systaredeterminé and subsequently
applied to each image s&he dignment accuracy test was carried out using a hot spot
phantom with several holes a separatiodistance Figure3.21). Five holes were filled

with a solution 6 approximately 1 MBq of°™Tc in total mixed with red liquid dye.

Image acquisition was carried cater al20 s vith the phantom positioned at SCD
betweerd5 and 150 mmResuling images were pogirocessednd analysed using
ImageJ 1.47v (National Instite of Health, US).

Figure3.21L: (Left)f"h(.)tograph of the experiment setup during tﬁe‘alignment test using hot spot phantom.
Circular ROIs were drawn on the spots within the ypostessed gamma (midjlland optical (right)
images.

To determine the scale factor, the ratio between the distance of-tp&gpheral

spos of the optical image and gamma image were calculated using images acquired at
different SCDs. The distances between centre of me@#j®@f the centre spot and

the peripheral spah each case were measurene circular ROls were drawn on the

hot spos within the gamma imageand on therisible well within the optical images
respectively Figure 3.21 centre and right imagesThe average scale factor of the
camera was 4.55 + 0.12. This scale factor was then applied to the gamma image and the

image size was resized to 512 x 512 to match with the optical image size.



Chapter3. Characterisation of the SFOV Hybrid Optical Gamma Carh8ga

To calculate thexand yaxes shift, the differete between the COM of hot spots in the
scale factor corrected gamma images and the COM of the corr@sp®&@lIs inthe
optical image in ¥y directions were quantified. The average shift was 2.3 + 1.3 pixel
for thex-axis and 15.5 +.7 pixel forthey-axis. After applying the scale factor and x

y axes shift correction, the centre and peripheral deviation (in mm with magnification
factor applied) of the COM betwedhe optical image andhe gamma image were
calculated. For th&lebuleye the deviation of the COM between gamma and optical
imageswas 0.31 £ 0.32 mm at centre and 0.65 + 0.36 mm at peripheral.

3.2.11 Optical image quality

The optical camera (UuEye XS Industrial Camera, IDS Imaging Development Systems
GmbH, Obersulm, Germany) dig Nebuleye mini gamma camera system utilised a
5.04 Megapixels CMOS sensor, an integrated autofocus lens and a digital signal
processing (DSP). To assess the image quality performance, it involves the
measurement of the characteristics such as dynangesaspeed, resolution and noise
using objective and reproducible methofslO]. International Organisation for
Standardisation (ISO) has developed a harmonised framework of standard test charts
measuring these mameter on digital stilloptical cameras[111]. These etensive
performance tests can performedusing a commercially available program such as
Imatest{112]. However, the software is relativetxpensive and complicated.

Bob Atkins[113] has suggested a robust but simpler method to assess the image quality.
A modified test chartRigure3.22) pr i ntle d§lassy papeis dséd as the lens
testing target which tgured the following test patterns:

a) Resolution:resolution patterns, Siemens star pattern, sine wave logarithmic

horizontal resolution targetpncentric circle patterns

b) chromatic aberration: black border

c) lens focusingcheckerboard pattern

d) image noise: @y patches

e) visual assessment of image quality: text blocks

f) calibration:100 mm londine, grey scale test strip
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To assess the lens of a typical digital camera, three or more test charts are attached to a
sheet of pegboard (top left, centre, bottom righitle centres of the camera and the test
chart are aligned. The camera is fitted on a tripod while for indoor testing, light
conditions should be uniform and no reflections from the test targets. The lens testing

chart image is subsequently being analysed.

©2015 Bob Atkins http://www.bobatkins.com/photography

These tast palterns are an appraximation of the NES 10104 Microscapy resclution tast chart (ISO 2334 chart #2) -
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Figure3.22: The esolution test chart suggested by Bob AtKik3].
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Part of methodologies suggested by Bob Atkins was adopted to examine the
performance of the optical component of thdrid opticalgamma camera @uto its
simplicity and user friendly reason. It was a quick and simple test aimed to understand
the basic performance of the optical camera particularly the resolution. The test chart
was printed on a glossy photo paper and attached on the flat talble aiirtical
environment. The alignment between the camera and the test chart was adjusted to the
right angle in two steps. Firstly, a leveller was used to establish a horizontal plane of
the camera mounted on the articulated arm. Then a thumbtack oithastraight and

thin rod was placed in the centre of the chart at right angle where only the tip of the rod

was visible.
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This model of camera enables the -@isér to select appropriate fixed focal distance
(FFD) based on clinical scenario. Multiple agati images of the specified test pattern
(e.g.resolution patterns and Siemens star pattesre acquired with different FFD

and cameraource distance (CSD) settings. The FFD was set within the range from 120
to 180(manufacturer arbitrary unite\nd SSDwas between 40 mm and 120 mm. The
resulant image was showed on the display screen of the camera system. Visual
assessment was carried out in the same clinical environment by an assessor standing

approximately 50 cm away withh e 0 b sye level paréél © the display screen.

The resolution pattern was observed to determine the minimum litleasetould be
resolved in the imagd&.able3.7 tabulates the visual assessment results of the resolution
test pattern on the selected images. The data can be served as baseline performance for
the camera. The highest spatial frequency (3.2 Ip/mm) was observed with the settings
of FFD 120 and CSD at 60 mm. The best resolution was achieved at the CSD of 60
mm, which was approximately 100 mm for the object distance. Waghe minimum

object distance for this model of the optical camera to achieve itsnupti

performance. With the FFD set at 180, no line set was able to be resolved.

Table 3.7: The smallest group of line set (Ip/mm) which can be observed in images acquired with
different FFD and CSD settings.

CSD (mm) FFD

120 130 140 150 160 170
40 2.5 2 1.6 1.25 11 1
60 3.2 2.5 2.2 1.6 11 1
80 2.5 2.2 2.2 1.8 11 1
100 2.2 2 2 1.8 1.25 11
120 1.6 1.6 1.6 1.6 1.25 1

To further understand the resolution on the sensor, the magnification factors at various
CSD are needed. The magnification factor is the ratio of the height of image and the
height of the oject. The Siemens star pattern was used for the calibration purposes and
the magnification factor was tabulated Table 3.8. Then the resolution on sensor
corresponded to the line set resolved at difference CSTalaulated. The resolutions

on sensor were range between 71 and 291 Ip/mm.
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Table3.8: Magnification factor and the calculated resolution on sensor (Ip/mm) at different SSD.

SSD (mm) Magnification FFD
120 130 140 150 160 170
40 1/71 178 142 114 89 78 71
60 1/91 291 228 200 146 100 91
80 1/112 280 246 246 202 123 112
100 1/130 286 260 260 234 163 143
120 1/151 242 242 242 242 189 151

Another test pattern used for the analysis was the Siemenag&npThe diameter of

the centre of the star pattern to merge or blur was measured in four different angles.
The average diameter was subsequently computed in considering the magnification
factor.Figure3.23shaws the results the diameter of the centre corresponded to the CSD
(left) and FFD (right) valuesThe error bars indicates the standard deviation of the
repeated measurement$ie smaller the diameter of the star pattern starting to merge,
the higher the molution of the camera system. The left graph illustrates that the lowest
resolution of the star pattern occurred with the CSD at 40 mm. This was due to the CSD

setting below the minimum object distance causing the focus shift.
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Figure3.23: Relationship between the diametef the centre of the star pattern to merge and (left) the
CSDand (right)FFD (n=4)

Generally, the results were consistenttfoe CSD settings range from 60 to 120 mm
and the FFD settings range from 120 to 140. It was incregrseldialy with the FFD
setting at 150 onwards&igure 3.24 demonstrates the examples of the Siemens star
patterntaken with different CSD and FFD settings. Rings of apparent sharpness in the

star pattern image (alternate appearance of blurred ring and ring of sharpness) were
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observedn most of the images acquired at CSD 40 mm. This was due to the CSD

setting belowthe minimum object distance causing the focus shift.

Figure3.24: Siemens star pattern acquired using uEye XS optical camera at CSD 40mm and FFD 120
(left) or 160 (right). The diameter of the centretlod star pattern to merge or bfaor image acquired
using FFD 120 was bigger than image with FFD 160.

3.3 Comparison of the performance characteristic between HGC and

Nebuleye
As described irChapter2, the technology used manufacturinghe camera hebof
HGC and Nebuleye were identic@iheoreticallythe performance of these two cameras
were comparable and correlataell with each other. However, due to different
manufacturer, software, electronics and desegiuresof the camera headcertain
pefformancecharacteristicsnay differ between the two cameras. Newly developed
testing protocol and analysis method had incorporated these differences to make the
characterisation works feasible to the Nebuleye and HGC. Performance of a standard
LFOV gamma amera Brightview X, Philips Healthcare, Milpitas, CA, USA108]
was also compared with the SFOV gamma came€rable 3.9 summarises the
performance of the HGC, Nebuleye and LFOV camera system.
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Table3.9: Comparison bthe technical performances of th&8, Nebuleye and standard LFOV clinical

camera system.

Parameter HGC Nebuleye  BrightViewX 2
Intrinsic spatial resolution
FWHM (mm) 0.32+0.05 0.28+0.02 3.3
FWTM (mm) 0.58+0.05 0.52+0.03 6.3
System spatialesolution (LEHR)
FWHM (mm) 243+0.25 1.84+039 74
FWTM (mm) 4.36+0.43 3.37+0.71 14.0
Intrinsic Uniformity
CoV (%) 16.39 13.54 NA
Integral Lhiformity (%) 72.30 51.72 2.5
Differential Uniformity (%) 11.58 8.34 2.0
System uniformity
CoV (%) 24.53 19.58 NA
Integral Lhiformity (%) 86.21 70.73 NA
Differential Uniformity (%) 21.86 16.55 NA
Intrinsic sensitivity (cps/MBQ) 17.0 12.4 NA
at250mm  at250mm
System sensitivity 14.68 8.86 124.78
(cps/MBQ at10mm at10mm (LEGP)
6.60 3.82
at50mm at50mm
Spatiallinearity
Absolute (mm) 0.10 0.24 0.50
Differential (mm) 0.02 0.05 0.10
Count rate capability
Input count rate at 20% loss (cps) 18620 15710 NA
Recorded count rate at 20% loss (c 2432 2537 300000
Maximum recorded count rate (cps 2937 2845 350000
Detector head shield leakage 547.9 644.7 NA

(max leakage % at 141 keV)

aEquipped with Nal(Tl) detector in a dimension of 48639% 9.5 mm)
NA- Not available
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Most of the characterisation test resafdHGC were based on the esqpmental data
provided by the University of Leicest§l07]. Theseraw datawere then processed
using the same data analysis method as the NebW#epgher partof the tests were
newly introduced or modifiedpecifically for SFOV gamma camerashely were
carried out in the identical settings for both of the cameras.eTheduded the
following tests:

a) Intrinsic uniformity(analysed using Matlab with median filter applied)

b) System uniformitynew experimental and analysis method)

c) System sensitivityquantified using experimental data)

d) Count rate capabilityobservation usig higher activity)

e) Detector head shield leaka@eew experimental and analysis method)

For comparison purposesitia-class correlation coefficient (ICC) test was performed
on suitable testing results to assess the reliability of the measuremtetSC (single

measures 95 % confidence interval (Cl) andvalue was reported.

Both theSFOV gamma cameras utilised similar Csl{idving athickness of 1.5 mm

and EMCCD as the photon detector. The intrinsic spatial resolution was 0.28 + 0.02
mm and0.32 + 0.05mm at FWHM for Nebuleye and HGC respectively. The difference
of the resolution in term of FWHM between
i.e. 0.04 £ 0.05 mm. Similarly, the difference of the system spatial resolution between
the two caneras was 0.59 + 0.46 mm at FWHM and 0.99 + 0.83 mm at F\WWhafe

the effect of the collimatowas tookinto consideration. The system spatial resolution

of a standard LFOV gamma camera mounted with low energy high resolution (LEHR)
collimator was 7.4 mmta=WHM which was about threefold higher than the SFOV
gamma camera. This indicates that the SFOV gamma camera with a pinhole collimator
could offer higher resolution images without the involvementumy sophisticated

image processing.

The intrinsic unibrmity of the SFOV gamma cameras was 13.54 % and 16.39 % for
the CoV of the uniformity image produced by Nebuleye and HGC respectively. With
the collimator included the system uniformity increased 189.58 % and 24.53 %.

Figure3.25 shows the corrected uniformity image acquired using Nebuleye (left) and
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HGC (right). The CoV values for HGC was slightly higher as there were several hot
pixels appeared on tlgiginal flood imagepossibly due to thenanufacturer defeof

the CCD In generalthe uniformity resultgre relativédy higher than the performance

of a standard clinical gamma cameiEhese posed a limitation in the camera

performance and may need further improvement in future camera development.

1

Figure3.25: The corrected uniformity image acquired using Nebuleye (left) and HGC (right).

The sensitivity of both the Nebuleye and HGC was studied intrinsically and
extrinsically. With a point sourcplaced at 250 mm away without the presence of a
scattering medium, the intrinsic sensitivity was 17.0 cps/MBqg for HGC and 12.4
cps/MBq for Nebuleye. For the system sensitivity, it was 14.68 cps/MBg and 8.86
cps/MBq for HGC and Nebuleye respectively whie SCD at 10 mm (ICC 0.936, 95%
C10.676 to 0.989, p < 0.001). For the count rate capability tesetbeded count rate

at 20% lossvas 2432 cps and 2537 cps for HGC and Nebuleye respectively (ICC 0.998,
95% C1 0.996 to 0.999, p < 0.001). Based onl@@test, both sets of test resultere

in strong agreemeiip < 0.00).

For the shielding leakage test, the maximum percentage of leakage at 141 keV was
547.9 % and 644.7 % for HGC and Nebuleye respectively. These values were above
the reference vadj indicating that the unwanted or background radiation may be
detected and form as part of the image produced. The position of the maximum
percentage of leakage was measured at similar height of camera head (peition 2
9-10) suggested that the curtshielding may not be sufficient. For the spatial linearity
test, the absolute linearity for both HGC and Nebuleye were 0.10 mm and 0.24 mm

respectively. These were significantly smaller than a standard LFOV gamma camera.
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3.4 Summary

This chapterhas descried theperformancetestingof the new prototype Nebuleye
camera This work hasfurther extended the scope of testing araksuccessfully
applied to characterisen SFOVhybrid gamma camera for medical use. The newly
introduced tests enabled the systemfarmity, system sensitivity, detector head
shielding leakage, opticglamma image alignment and optical image quality of the
hybrid camera to be assessed objectively. These tests, combining with the
characterisation protocol developed by Bhaiaal. [104] and Bugbyet al. [105],
formed a complete and rigorous testing scheme to assess SFOVdptiwadlgamma
cameras and to compare with other similar SFOV gamma camera

Overall the performance of the SFOV gamma cameras was found to be comparable
when assessed using the same testing protocol. The SFOV gamma cameras have
superiority in term of resolution and linearity in comparison with the standard LFOV
gamma camera. Witthe better understanding of the characteristics of the camera, it
provides the basis of the experimental work to further evaluate the performances of the

camera in preclinical and clinical arenas as discuss€tapter4, 5 and 8.



Chapter 4
Preclinical imaging using the SFOV

Hybrid Optical Gamma Cameras

4.1 Introduction

In vivo small animal imaging is highly valuable for biomedical research as it has the
capabilities for the noimvasive study of dynamic biological processes in a preclinica
model of disease at the molecular and cellular level. Over the years, this approach has
been widely used in evaluating the therapeutic effectiveness of new treatment regimens,
assisting in the identification of new disease biomarkers, new tracer deegioand

drug desigr{114]. It provides important information in bridging from vitro studies

of diseases and explaining thbarmacologicaimechanisms of pharmaceuticalsor

to their translation into clinical use.

Dedicatedpreclinical imaging modalities such as optical, fluorescence, SPECT, PET,

CT and MRI are commercially available and can produce high quality images. Each
modality has its own advantages and limitations with regards to resolution, sensitivity,
signal penettion capability and cost. Inmense efforts have been made to complement
the weaknesses of individual imaging modkdithrough the innovation of multimodal

imaging methods, for instance the combined radionuclide and CT imaging.

In nuclear and opticamaging the ecent development of multimodal imagipgpbes
havepropellednoninvasive imaging into a new generation of advanced applications
[115]. Most of the probes are still in the developmental stageareyet to betranslaéed

into clinical use. This advancement is believe@nbance the performanceinfvivo
imaging and may be of benefit to some clinical procedures, in particular in radioguided
surgery{116]. The combination of two modalities are currently being investigated using

dual signals emitted from the same probe.

91
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Given the current interest in hybrid tracg¢id 7] the development of the HGC to
become a hybrid gammrfluorescence camera was considered. Preclinical
radionuclidefluorescencémaging may provide added values in this research area. This
chapterdescribes the initial assessment of the SE@id opticalgamma camesdor

use in small animal radionuclide imaging. Part | ofdiepterexplains the performance
assessments usingdpoke mouse phantoms. Part Il describes the use of the SFOV
gamma cameras in imaging newly developedhr infrare fluorescentadioactive
hybrid probes.

4.2 Small animal imaging

The ability to investigatén vivo, anatomical and functional details of expental
disease models provides detailed information on pharmaceugitzie, retention and
metabolism The hybrid image, now commonly used fusion of functional and
anatomical imagesan beobtainedwithout having tomove the experimental subject
from ore camerato arother. Figure4.1 shows examples of the range of multimodal

imaging for preclinical animal studies.
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i MRI |

[ Optical

Figure4.1: Examples of the commercially available multimodahgimg systems and its applications in animal studies. (a) PET imageRDG distribution in mice; (b)
SPECTCT images of*'in-DTPA-octreotide in mice (c) Contrasenhanced wholeody microCT angiogram; (diFluorescencenediated tomographgerived matix
metalloproteinase activity in a mouse api@) Bioluminescence imaging of mouse with orthotopic hypopharynx tumour model; (f) Camthastced wholeody MR
angiogram; (gFFluorescencemediated tomograph@€T image; (h) Miltiphoton laser scanning mascope image of a melanofhaaring mouse expressing vascular green
fluorescent protein (GFP), using second harmonics generation to detect cqilegérasound image (Bnode) of left ventricle of a mouse. Image taken f{@a8].
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Amongst these modalities, preclinical SPECT and PEICT scanners are dely

used for research purposes in biomedical and life scieRizrge4.2 shows example

of preclinical SPECICT and PETCT imaging systems used in the SPECT PET and
Optical animal imaging facility (SPOT), at the University of tthiggham. Spatial
resolution and sensitivity are the main performance parameter in determining good
guality images in small animals such as mice and rats. For small animal SPECT
imaging, the imaging systems must have adequately high spatial res¢@itiomm

[114]) and sensitivity to provide a high quality and accurate visualisation of the
molecular distribution and concentration of the tracer under investigafidh Figure

4.3 shows examples of high quality SPECT (top) and PEACT (bottom) images of

mice administered with radiotracers.

Figure4.2: Photograph of (lefthanoScafPET-CT and (rightjnanoScan SPECGTT (Mediso Medical
Imaging SystemsBudapest Hungary in the University of Nottinghamrpclinical imaging facility
(SPOT).
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Figure 4.3: (Top) SPECTCT images of mouse with kidney excretion 8fTc-Exendin4 [120].
(Bottom) PETFCT images of nude mouse bearing a tumour on the taghafter adminigtred with
34 MBq ®“Cu-labelled tumour associated antibddg1].

High spatial resolution SPECT camera design was attained by using a pinhole
collimator with an aperture diameter in soiillimetres range and increasing camera

sersitivity by using multiple pinholesfor example 75 pinholes within-SBPECT I
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scanner collimatof122]. This camera configuration with the aid of ppsbcessing
software, enabled the acquisition of high qualityali animal SPECT imagd414].
Table4.1 summarises performance characteristics of the preclinical SPECT and PET
scanners at Nottingham for comparison with the HGC.

Table4.1: Comparison of the SPECT, PET and HGC characteristics.

NanoScan PE1 NanoScan SPEC HGC[107]
Mediso (122S]121] Mediso[120, 123]
Detector meerial LYSO Nal(Tl) CsI(TI)
Crystal dimensior 1.12x 1.12x 13 280 x 280 x 9.5 8.19 x 8.19 x
(mm) 1.50
Collimator NA M3 pinhole 1 mm pinhole
FOV (mm) 100 (axial) 270x% 270 40 x 40**
Energy window 250- 750 200- 600 30- 265
(keV)
Spatial resolutior 0.7* 0.3 1.8
(FWHM, mm)
Sensitivity 8 % 13000 cps/MBq 6.6
cps/MBg**

*With 3D OSEM image reconstruction

** Based on SCD at 50 mm

NA-not available

M3-multifocus, multisize, multi-pinhole(16, 25, 36 pinhole per aperture)

At the time of investigation SPV gamma cameras were not widely used for imaging
preclinical animal models. Celentaabal.[124] and Autiercet al.[125] havereported

the use ofa prototypefluorescere and radionuclide planar imaging syst@mmice
studies Scintigraphic imagswereacquired using a semiconductor pixelated detector
(Silicon orCdTe detectgrwith a Imm diameter pinhole collimato@ther reports have
described the preliminary assessinef a portable gamma camera in sentinel node

localisation in pigs and midé26, 127]

4.3 Phantom imaging

The performance of the SFOV gamma camera systems used in this work has been fully
characterised as disssed inChapter3. With the introduction of these camera systems
into preclinical imaging it is crucial that there are systematic methods to evaluate the
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performance and limitations of SFOV gamma cameras used in animal studies. A
number of phantoms havedredesigned and fabricated to assess the performance of
SFOV gamma camera systems such as the sentinel node phantom (&8cfjand
head and neck phantdi28], however the design of theasthropomorphiphantons

was not relevant to animal studies.

With this in view, there was a need for the systematic assessment of the SFOV gamma
cameras using phantoms specifically designed to simpilatdinical imaging, such as

in mice imaging. The commercially available phantoms sudiEMA NU4 Micro-

PET Image Quality Mouse Phanto(@RM Quality Assurance in Radiology and

Medicine GmbHMoehrendorfGermany[129Jand Mi cr o Hol |l ow Sphel
(Data Spectrum Corporation, Durham, NC, U$E30] have mainly been used for the

quality control testing of padinical PET or SPECT scanners. However, there is still a
challeng in the completdill ing of small cavities withradioactive solutionsvithout

bubbles In addition these commercial phantom can be relatively expensive.

It was envisaged that low costmple and versatile phantoms simulating the preclinical
situation was needed. It is important to examine the performance of the SFOV gamma
cameras prior to use in animal imaging. The aim of these studies was to assess the

imaging performance of the SFOmgma cameras using bespoke mouse phantoms.

4.3.1 Phantom descriptions

Phantoms simulating the anatomy of a mousgewlesigned and developed at the
University of Leicester. They were used to assess the imaging performance of SFOV
gamma cameras in the researglblor at ory of the nucl ear me
Medical Centre, Nottingham University Hospitals NHS Trust an&#@T preclinical

imaging facility at the University of Nottingham.

4.3.1.1 Mouse skeletal phantom

The mouse skeletal phantoffigure4.4) was designed to simulate the skeleton of a
typical mouse for use in bone scintigraphlye phantom was fabricateding aPMMA
plate of dimensions 1@ mm () x 70 mm W) x 5 (H) mm. Shallow pits or holes
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simulating the mouse skeletal &y were created on the PMMA plate allowing

radioactive solution to be filled within the predefined holes.

>

Figure4.4: (Left) Photograph of mouse skeletal phantom filled witheetbur liquid withinthe skeletal
cavities. Right) Example xray Micro-CT Scanf a mouse. (Image taken fravticro CT Laboratory
University of Calgary]131].

4.3.1.2 3-D printed mouse phantoms

3-D printed mouse phantoswere designedfrom high resolution @ magnetic
resonance microscopy aninwdtg as describeth [132]. Two mouse phantoms with
different agan cavities andsizeswere fabricated at the Space Research Cenbe 3
printing centre, University of Leicestefable4.2 summarises the techmicdetails of
the phantoms. The organ cavities wanatomically correct fillable volumesith two
outlet holes to ease the filling and draining process. These providealistic and
flexible method to testray reporter(radionuclide or contrast agerigr usein small
animalSPECTCT, PETFCT or fluorescence camerand were considered useful for

imaging with the SFOV gamma cameras
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Figure4.5: Photograph of D prlnted mouse phantoms, (leRhantom A and (right) Phantom B.
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Table4.2: Technical specifications of tf&D printed mouse phantoms.

Phantom A Phantom B
Descriptions Adult mouse with Baby mouse with lung an
lung cavity liver cavities, transparen
surface
Organ volume (mm?3) 0.6 0.25 (lung) / 0.45 (liver)
Length (nose to tail) (mm} 105.57 +£0.12 79.33+£0.12
Width (mm)* 26.52 £ 0.72 20.27 £0.12
CT number (body)* 150.99 + 51.52 -57.31 + 37.54

*Measurements were performed on {@iages using VivoQuaR{ 2.50 software (lvicro, Boston, MA USA).

4.3.2 Mouse skeletal phantom imaging assessment

The phantom was used to assess the imaging capabilities of the HGC and Nebuleye
SFOV hybrid gamma cameras in the research laboratory. Initialnmags focussed

on regional scintigraphy where 10.7 MBq®fTc solution (activity concentration of

107 MBg/ml) was filled in the pelvis and hind limb regions of the phantom as shown
in Figure4.6 (within the yellow dashed line)mages were taken with acquisition time

of 60 s and the cameras were positioned at SSD of between 0 and 4#igwmme4.7

shows the resulting scintigraphic images acquired using Nebuleye positioned at
different SSDs. With thesgcquisition settings, the fine details within the pelvic region
were not resolved, however the radionuclide source pattern within the limb regions

could be clearly seen.
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Figure4.6: (Left) Mouseskeletal phantom filled with redoloured®™ ¢ solution. Only plvis and hind
limbs regionswere filled up with the radioactive source during initial regional scan (region marked with
yellow dashed line). (Right) Photograph of the experiment set up H€hA2)

i L e
10 mm 10 mm

10 mm 10 mm

Figure 4.7: Regional scintigraphy ahe phantonfilled with ®*™Tc solution at pelvis and hind limbs
regions Theimages were acquired using Nebuleye positioned at different SSDrdjaated in the
images) with imaging time of(6s.

Further imaging assessment was undertaken of whole body imaging where the
simulated skeletal system (excluding the tail) was filled with®¥f€&c solution at an
activity concentration of 48 MBqg/ml. Aeries of images was undertaken with the
camera placed at SSD of 50 mm and 100 mm, and imaging time varied between 1 and
5 minutes.Figure 4.8 shows example planar images of the phantom acquired using

Nebuleye positioned at SSD%® and 100 mm with imaging time of 1, 3 and 5 minutes.
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The hind limbs region were not within the FOV of the camera positioned at SSD of 50
mm. With the increase of imaging time, the visibility of the pattern of the skeletal

systemwas increased, howeveotat thehigh resolution expected.

60 s 180s 300 s

Figure4.8: Whole body skeletal phantom imaging acquired using Nebuleye positioned at SSD of 50 mm
(top row) and 100 mm (bottom row)itlv the different acquisition times as indicated.

4.3.3 3-D printed mouse phantom imaging

Two 3-D printed mouse phantoms described.iB.1.2were used to assess the imaging
performance of the SFOV hybriptical gamma cameras ug 0.5mm and 1 mm
pinhole collimators. The lung and liver cavities of Phantom A and Phantom B were
filled with 38 MBq and 43 MBq of®"Tc solution respectively. Special care were taken
to prevent any air bubbles trapped within the cavities. After fitleghole outlets were

sealed using seddhesive tape to prevent any surface radioactive contamination.

Imaging was undertaken with the Nebuleye fitted with 1 mm diameter pinhole
collimator, positioned above and posterior to Phantom A at SSDrofri@ndPhantom

B at SSD of 100 mm respectively. The imaging duration time for both image
acquisitions was 30 minutefigure 4.9 illustrated the optical and hybrid images
obtained from both image acquisitions. The hybrid images prak@&éocation of the

lung and liver cavities within the mouse phantom. However, it was disappointing that
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the gamma images failed to show the discrete separation between the right and left lobes

of lung or the lung and liver cavities for these camera cordigns.

Hybrid

Optical

Figure4.9: (Top row) Resulted images of the Phantom A filled witheetbur®®™Tc solution in the lung
cavities. (Bottom row) Images of the Phantom B filled withgame radioactive source in the lung and
liver cavities. Both images were acquired using Nebuleye fitted with 1 mm pinhole diameter positioned
at 10 and 100 mm away from the camera.

Further imaging were performed using HGC fitted with im pinhole climator and
imaging time of 30 minutes. Oblique views were acquired with the HGC positiofied 15
tilted from the central axis. The view from this angle was selected due to the apparent
separation between lungs and liver cavities as showigure4.10 (red arrow) Figure

4.11 shows the optical and hybrid oblique veewobtained With this camera
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configuration, the images obtained partially show the separation of the lung and liver
cavities.

Figure4.10: Photograph of the-B mouse phantom experiment set up. The HGC was positioned above
Phantom B (oblique ~F3rom central axis). The green line indicates the border of the lung cavities while
blue lineindicates the liver cavities.

Figure4.11: Optical and hybrid images of Phantom B acquired using HGC fitted with 0.5 mm pinhole
collimator.

For comparison purposes, imaging of Phantom B with a atdrateclinical SPECGT

CT scanner NanoSPECT/CYPLUS, MedisoMedical Imaging Systems, Budapest,
Hungary in the SPOT preclinical imaging facility was performed. The images were
viewed using VivoQuant' 2.50 multi-modal image processing software (inviCRO,
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Boston, USA) Figure4.12 shows the SPECGTT images of different plane of views in

which there was a distinct demarcation between the lung and liver cavities.

v

Ng mouse phantom 222

Ng mouse phantom 72 Ng mouse phantom 90

Figure4.12: Sagittal(left), coronal (middle) and transverse (right) view of SPECITimage of Phantom
B (CT acquisition: 45 kVp, 500 ms; SPECT acquisition: 240 projections)

4.3.4 Discussion

Imaging with the mouse phantoms using the SFOV gamma cameras has demonstrated
the challeges in imaging the relatively small sizes ofuiss or organs in these models.

The mouse skeletal phantom provided a simple method to assess SFOV gamma
cameras in bone scintigraphy. It was however found that the planar images obtained
from the camera codlnot resolved the fine details of the small bone structure where
the separation of the active regions was of the order of 1 mm, however the overall
pattern of the radioactive source within the phantom could be clearly visualised. One
disadvantage is thditling of the radioactive solution was time consuming due to the

fine structure of the phantom. Since it was not possible to seal the activity in the
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phantom there was a risk of contamination during use. In addition, the radioactive
solution was found tceevaporate over a period of time resulting in +umiform

distribution of the radionuclide during the experiments.

The 3D printed phantom offered a novel method for assessing imaging capabilities.
Over the range of SCD used, the separation between thesofiging and liver) was

not resolved. The-B printed mouse phantom featured selected organs to provide a
robust and realistic test object not only for assessing the SFOV gamma cameras, but
also for SPECT and PET imaging. These phantoms can be filledradibactive
sources of different activity concentrations, and could possibly to be used for routine

testing of duaimodality radio and neanfrared fluorescen(NIRF) probes in future.

4.4 Evaluation of a hybrid near infrared fluorescentradioactive

probe for tumour necrosis imaging
4.4.1 Introduction
Tissue necrosis is a form of celéathcaused by external factors or disease, such as
radiation, and loss of blood supply and is an important factor in tumour growth and
cancer progression. it characteged bycell swelling, irreversible plasma membrane
damage, and organelle breakdowre detailed processes are discussed elsewhere
[133]. Since each necrotic dying cell releapasinflammatorysignals, the amount of
tissue necrosis can be use@asognosticfactoror predidor of various cancer diseases
[134]. As a rule of thumb, a higher amount of necrosis represents more aggressive

tumour cell growth and is usually associated with poor patient prognosis.

Xie et al.[115] have reported the use of near infrared fluorescent (NIRF) carboxylated
cyanines, namely HQ5 and IRDye 800CW (800CW), which shows significant necrotic
avidity to quantify tumour necrosis, through optical imaging. This NIRF imaging
technique prodes promise for whole body imaging of small animals as well as
imaging superficial tissues in human subjects. However, the penetration depth of the
emitted lights from NIRF agents coupled to biomolecules in living subjects is limited
to 1-2 cm[135], resulting in the insufficient detection of light signal from deep seated

tissues when viewed externally.
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Nuclear medicine imaging has been used clinically over the de¢admage various
diseases including deep seated tumours due to its high photon penetrative capabilities.
At the time of this study thd.eiden University Medical CenterLéiden, the
Netherlands had newly developed cyanii@sed radioactive probes for modal

tumour necrosis imaging. NIRF and SPECT imaging were being carried out to evaluate
the efficacy of the probe in animal tumour models. The aim of this study was to explore
the feasibility of the SFO\hybrid opticalgamma camegafor preclinical ima@ing,
particularly to evaluate the vivoimaging performance of @i'in-labelled probe.

4.4.2 Method

4.4.2.1 Animal and probe

The Leiden University Medical Centetéiden,the Netherlandsprepared the animal
models and probes for this study. Twerfale athymimude mice (BALB/c nu/nu, 6
weeks old (Charles River Laboratoriet,Arbresle Cedex, Francayere implanted
with bilateral and subcutaneod31-luc2 tumour cells (PerkinElmer, Waltham, MA,
USA) onto thelower backregion The mice were identified as M1 and2Mn this
experiment.Tumaurs wereallowed togrow for approximately 1.5 2 weeksafter
tumaour implantation until they reached a size of 8 mm in diameterFigure4.13

shows a photograph of the tumour bearing mouse with tmpdun the lower back.

Figure4.13: Photograph of the 4TFiLic2 tumour bearing mouse. Two bilateral anbcutaneousimours
(red circles) can be clearly seen in the lob&ck ofthe nudemouse.

The rewly developed duahodality probe {*in-DTPA-RGD-800CW) was prepared
in-house and administered intravenously into the tumour bearing mice (32 MBq each).
All experimentakurgical and analytical procedures were performed under isoflurane
gas anesthesia %3 induction, 1.82% maintenance) in 70% pressad air and 30%
oxygen gas Animals were sacrificed by cervical dislocation at #wd of the
experimental periodhll animal experiments werearried out according to locahimal
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health, ethial requiremerds and the researchwas approved by the Animal Welfare

Committee of Leiden University Medical Center, the Netherlands.

4.4.2.2 Imaging

All imaging was carried out using the Nebuleye and HGC SFOV gamma cameras fitted
with a 1 mm diameter pinhole collimator. Prioradministration a sample of the tracer
containing approximately 13.8 MBqg was placed in an Eppendorf tube and images
recorded to test the correct operation of the carr@tlawing the administration of the
radiolabelled probe to the miagheNebuleyewas used to acquini@ vivoimagesof the

mice at different time points up 81 hours 41 minuteafter administrationThe camera

was either held by the operator or placed on top of a foam or plastic stand during image
acquisition.Figure 4.14 shows a photograph of the Nebuleye in use during animal
imaging.After thefinal imagingtheM2 mouse wasacrificed and several tissues were
excised Furtherex vivoimaging was then carried odthe hybrid planar images of the
mice were presnted in a fused opticglamma displayA standardSPECTimage
produced bya 3-headed WSPECTFII gamma camera (Mlabs, Utrecht, the

Netherlands) waavailable for comparison.

Figure 4.14: Photograph ofhe animal imaging setup at Leiden University Medical Centre using
Nebuleye. The camera was positioned on ahafoam stand to minimise motion effect during image
acquisition.
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4.4.3 Results

Figure 4.15 shows an example of the opficgamma and fused image of &Hin-
labelled probe in the Eppendorf tube, acquired by Nebuleye during the control testing
of the camera system. This was the first use of the camera favo radionuclide
imaging studies in experimental animals in thése& nude mice bearing 41uc2
tumour cellsFigure4.16 shows the optical, gamma and the fused images of the mouse,
105 minutes following the administration'8fin-labelled probe. Based on the gamma
image, these radiotracersutd be clearly seen to be accumulated within the central part
of the body (possibly liver, kidney) and the bladder (excretion).

Figure4.15: (Left) Optical, (middle) gamma and (hybrid) images @pEndorf tube filled witiin-

labelled probe (arrow), acquired using Nebuleye positioned on a plastic stand 7 cm away from the source
and with a 506 of imaging time. The gamma image also indicated that there was a small antéimt of
source contamirtad on top part of the tube.
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Figure 4.16: Exampleimage of mouse in supine positiomcquired by HGC afl05 minutes post
administration of32 MBqg 'Yn-labelled probgplacedat SCD of12 cm for a ® s acquisition time: (a)
optical (b) gamma (c) hybrid imagelmages were cropped and pasbcessed.

Further imaging was performed using the Nebuleye at different distances and imaging
times, with the mice in a prone positidfigure4.17 (top) shows the images of mouse

M1 26 hours 42 minutes following administration of radiolabelled probe (SSD 12.5 cm;
10 minutes acquisition) whilEigure4.17 (bottom) shows the image of mouse M2 at

30 hours 52 minutes postdministration of the probe (SSD 7 cm; 20 minutes
acquisition). Even though the acquisitions were carried out at nearer imaging distance

and with longer imaging times, both sets of data only showed a single bright blob within
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the cental part of the bodyand did not identify activityithin the tumour masses

implanted on the back of the mice.

Gamma Optical Hybrid

Figure 4.17. Gamma, optical and hybrid images of thepit mouse M1 acquired using Nebuleye
positioned at SSD of 12.5 cm (on top of a plastic stand) with 10 minutes acquisition time and (bottom)
mouse M2 acquired at SSD 6tm and20 minutes imaging time.

At this time point, mouse M2 was sacrificed asnpked in the study protocol and
additional images were taken using Nebuleye at a closer distance, focusing on the
central region of the bodyrigure4.18 shows the images acquired by Nebuleye with
mouse M2 placed dictly on top of the imaging window (~SCD 30 mm). Two bright
blobs shown in gamma imageigure4.18 (a)) were detected with this camera settings,
representing the radiotracer distribution within the kidneys. &sctimera distance
setting was too close to the mouse, the optical image produced did not show any specific
anatomical landmarks that could be identifi€éture 4.19 shows series of gamma
image from the same study acquired usinfjeent lengths of acquisition time.
Subjective visual assessment found that the shape of the kidnaigs b clearly
defined within aminute acquisition time and that there was no advantage by imaging

over times greater than 100 s.
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Figure4.18: The (a)gamma(b) optical (c) hybrid images showing activitistributionin the right and

left kidneys acquired31 hours 41 minute®llowing administration 082 MBg '4n to the mouse M2

The gammamage was acquired byebuleye facing upward and the mouse M2 was placed supinely on
the top of the camera imaging windowith 200 s acquisition time

Figure4.19: Gamma imags of the same mouse imaging setup displayed in cumulative time series (from
10 s to 200 s as indicated in the images). Gaussian blur filter (4 pixel) was applied.

Ex vivoimaging were performed with the excised kidney, tumour and muscle tissues
(contro) from mouse M2 using the HGEigure4.20 shows the image of radiotracer

distribution in the excised tissues. The hybrid image confirmed accumulation of the
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radiotracer in the kidneys whereas there was no uptake seen in the &nmdonuscle
tissuesFor comparison the coronal SPECT image of the same mouse acquired using
the preclinical SPECT camera system (showfiguire4.21), show that the distribution

of the radiotracer was similar and radiotracetalsp within the kidneys can be clearly

seen.

Figure4.20: (Left) Optical, (middle) gamma anddht) hybrid images of the excised tissues (kidney (red
arrow), tumour and muscle), acquired usth@C handheld by operator with camera at 3 cm away from
the tissues and with a 380of imaging time.

Figure4.21: 2-D coronal plane gamma image generated from SPECT of moudaeké,approximately

36 hours after administration of 32 MB@ln probe. The image wascquired using 0.6mm mouse
pinhole collimated,3-headed USPECTII gamma camera (MiLabs, Utrechthe Netherlands) with
energysettings at 171 and 24&V anda window of 20% Subsequentlythe image was reconstructed
using 20Pixekbased subsets for rapid mylinhole (POSEM) iterations with 4 subsets;[3 gauss 0 mm
(FWHM) filtering and a 0.2Znm voxel size, and with decay and scatter corrections integrated into the
reconstructior{image povided by LUMC)

4.4.4 Discussion

This was an exploratory experiment carried out at Leiden University Medical Centre to
assess the imaging performance of the SFOV gamma cameras (Nebuleye and HGC) in
experimental animal tumour modeBuring this work, additionamodifications were

made to the HGC to explore the proof of concept of NIRF imaging. A bandpass filter
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with nominal center wavelength of 850 nm (FWHM 100 nm) was fitted to the existing
optical cameraEven though exploratory NIRF imaging was carried arctrrently

in this study, using the modified HGC, the pilot results were not discussed in this thesis
until more promising results have been obtairfd example image (Figure 9.2) is
shown in the general discussion in Chaptértfere was limited acce$s the mice for
radionuclide and fluorescence imaging since the imaging was performed sequentially
on an individual mouse, and it was necessary to minimise unnecessarily prolonged
periods ofaneesthesiato reduce any adverse effects @spiration, cardicascular

disruption or thermoregulaticraused by prolonged anaesth¢$i6].

The probe developed in this study was intended for HT29 tumour cell necrosisgmagin
however following dissection it was shown that the cells did not grow as expected.
Alternatively, 4TXluc2 tumour cells were introduced to the nude mice to complement
the study. No specific uptake of the probe was expected in théudZ Tumour cells,

and this was confirmed from the gamma imaging results. The images show that the
sensitivity and spatial resolution of the SFOV gamma cameras require further
improvements for the animal studies especially when imaging a mouse in which the

sizes of the orgaare relatively small.

4.5 Summary

Preliminary phantom assessments were undertaken using bespoke phantoms to
examine the performance of the SFOV gamma cameras for use in preclinical imaging.
The results of the animatudy obtained for the first time havedemonstrated the
feasibility of using SFOVhybrid opticalgamma cameras for imaging mice injected
with newly developed!in labelled tracersAs expected the hybrid cameras do not
have the superior imaging capability equivalent to SPECT imaging due teldabtee

lower sensitivity and resolution of planar imaging, however they may have a role in
planar imaging of experimental animal models in a similar way to bioluminescence
imaging where the fluorescent image is fused with a standard optical image. The
relatively low cost in manufacturing the SFOV gamma cameras could offer a quick
look solution for screening large numbers preclinical imaging studies. Further
investigation is needed to improve the system sensitivity and resolution and to develop

camera systas for combined gammidIRF imaging in future.



Chapter 5

Assessment of the potential use of the
SFOV Hybrid Optical Gamma

Camerasfor Breast Cancer Surgery

5.1 Introduction

Breast cancer is the most common cancer diagnosed in woniwide. In 2014,

Cancer Research UK estimated that there were 55,222 new cases of breast cancer and
11,433 deaths in the UKL37]. The disease is mainly divided into two categories,
namely invasive and neinvasive breast cancer (carcinomasitu). Invasive breast

cancer has the potential to spd from the primary tumour site to other parts of the
body, through the bloodstream or the axillary lymphatic system, resulting in secondary
or metastatic breast cancer. The findings using diagnostic imaging modalities provide

important information for th staging of the disease.

The treatment of the breast cancer may vary depending atatte of thelisease. In
general it involves surgery or radiotherapy to treat local disease in combination with
chemotherapy, endocrine therapy or biological therapyeat systemic disease. The
axillary node status is a major prognostic factor and is used for tailoring psaessitic
treatmen{138]. The conventional approach to determine the node statuaxiliasy
lymph node dissectiaonHowever this approach carries risks of both acute and late

morbidities for the patient, with complications such as lymphed&8%.

Sentinel lymph node biopsy (SLNB) is a less invasive metho@dsgessnodal
involvement inbreast carcinomfl40]. This is currently performed with the aid of
radoguided gamma probe detection. With the current developmémnglofresolution

SFOV gamma cameramnd theincreasing interest in thiatraoperative applications

114
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[54], it was considered that the hybrid gamma camaray offer potential in the
localisation of the sentinel node as well as the primanour in the breast conserving
surgery (BCS)This chapterdescribeshe presurgical assessment of the SF@ybrid
opticalgamma camesdfor use in intraoperative imaging of patient with breast cancer.
The camerawereassessed objectively and subjecyuwgding phantom simulations and
test objectsThe test results were then compared witlages produced by a clinical

LFOV gamma camera and a commercially available SFOV gamma camera.system

5.2 Intraoperative imaging in Breast Cancer Surgery

Povoskiet al.[141] has summarised the use of a gamma probe for the intraoperative
detection of radionuclides. In radioguided breast cancer surgery, the applications
include sentinel lymph node biopsy (SLNB), radioguided ocasioh localisation
(ROLL), sentinel node and occult lesion localisation (SNOLL) and radioactive seed
localisation (RSL) procedure&amma probes providen audible signahat indicates

the level of radiotracer uptake in breast tissues allowing the sutgeoarvest the
suspicious nodes or tissues in the same way as surveying an area of ground with a metal

detector.

With the current technological developments it is apparenstr@l handheldgamma
camerasmay offer potential clinical utility in any ofhe aforementioned areas of
investigationcurrently carried out using gamma probksaddition, high resolution
portable gamma cameras may provide added values in SLNB procedure when no
standard LFOV gamma camera is available, in caseBffafult drainage or extra
axillary drainage, where there is low radiopharmaceutical uptake within the target
tissues, when sentinel lymph nodes (SLNs) are located close to the injection site or

where there is radiation scatter caused by high activity at the injeteqh42].

5.2.1 Sentinel lymph node biopsy (SLNB)

Sentinel Lymph Node Biopsy (SLNB) is regarded as the standard method to determine
the likelihood of cancer spreading from a primargdst tumour and becoming
metastatic throughout the lymphatic system in casearbf-stage breast cancer with
clinically negativenodeq[140]. It is based on the assumption that invasion of malignant

cells at thesentinel node triggersotentialmetastatic growth.Figure5.1 illustrates the
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human lymphatic networks and shows an example of cancerous cells migration from

the primary site to the SLNs.

efferent higher-echelon nodes

afferent
artery

Figure5.1: Schematic drawing of the lymphatic network (left) and the migration of cancerous cells from
primary tumour to SLNs through lymphatic vessel. Images taken|[ftd8j.

The standard protocol for the SLNB procedimlves the administration of*d™Tc-
labelled radiotraage(Table 5.1) such as’®™Tc-nanocolloid albuminand a blue dye
(Patent Blue YLaboratoire Guerbet, AulnasousBois, France) to identify the location
of the sentinel node. A handheld gamma probe is used during surgery to itlentify
uptake of the radiotracer in the nod&1]. This gives an audible signat a visible
display shown as a count rate some centresymphoscintigraphy is performed using
astandardgjamma camerar SPECTCT scanneto image the distribution of the tracer
prior to surgeryFigure5.2), however this is not usually carried out in UK departments

because most surgeons are now proficient in usingahenagprobe alone.
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Table5.1: **"Tc-based radiopharmaceutical used in SLNB procedures takerf ¥4s8h
Colloid composition Size range (nm) Notes

Human serum albumin 31 600 Registered in different countrie
in Europe;not approved in USA

Stannous/stannitydroxide  30i 200 Approved in some Europea
countries
Rhenium sulphide 8i 68 Registered in different countrie
in Europe
Sulphur colloid 50i 1000 Registered in USA
0.1 um filtered sulphur colloic 30i 50
Antimony trisulphide 2i 16 Registered in Australia
17123
Calcium phytate 1501 200 Mainly used in Japan;size
1501 1500 depends oi€&* concentration

- .

o
¥ o

Figure 5.2: Example of lymphoscintigraphy (left) and axial plane of SPEOTimaging (right)
performed using clinical camera $gss prior SLNB procedure, taken frq@3]. Red arrow indicates
the injection site and the green arrows show the sentinel nodes.

The amount of administered radioactivigypically variesbetween 3.™MBq and 370

MBq depending on the study proto@sid patientnorphology{144-146]. Onlya small
fractionof the injectedadiopharmaceuticalearsfrom the injectiorsiteto accumulate

in theSLN (typically ranging betwee.1 % [147] and 1.0 %4148] of the inject&l dose

per lymph node). One of the major factors to determine the efficiency of the nodal
uptake is the size of the particulate with smaikmoparticles (<10 nngenerally being

more suitablefor lymphoscintigraphy or rapid SUBlandlarge particles (>10 nm)

being retainedbnger in the first encountered lymph nddd3].
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Recent developments in SFOV gamma camera technologies offer real time
intraoperative imaging in SLNB proceduié$, 47, 58, 64, 81, 88, 1452]. This can

provide additional inforration to surgeons in localising the sentinel nadeguiding

the direction and margin of the dissection and in reducing the potential to miss the
involved nodeslt is thought thathesegamma cameras may also allow monitoring of

the clearance of the ramdictive sentinel node within the lymph basin and localisation

of deeply seated nodes or nodes adjacent to another source of radioactive uptake which
cannot be detected by the niomaging probe.

5.2.2 Radioguided occult lesion localisation (ROLL) / Sentinel noel and occult

lesion localisation (SNOLL)
Due to the advances in mammographic imaging and the widespread use of breast
screening programmes, aboutZ® % of breast cancer detected are-palpable at
diagnosig153, 154]. The accurate identification of the npalpable lesions preand
intraoperatively as well as the precise localisation of the tumour with its adequate
resection margin are crucial in the quality of surgical care as these factors affect the
oncologi@l and cosmetic outcomgEs5]. Previously wire guided localisation (WGL)
has been the standard technique used in guiding the surgical resectiorpafpairie
breast tumours where guide wire is placedn situ under ultrasonographic or
radiographic control.

Radioguided occult lesion localisation (ROLL) is an increasingly popular technique,
which was first reported by Luirgt al.in 1998[156]. The ROLL technique involves

the injection of°"Tc-labelledmacreaggregates of human serum albumoithe breast
tumour under the guidance of ultrasonography or mammografg.amount of
injectedactivity typically ranges fron3.7MBq [156] to 90MBq [157]. A gamma probe

is used intraoperatively to identify the site of the tumour antttermine the resection

margins.

This procedure can be combined with the SLNB procedure to harvest SLN, which is
also known as the combined sentinel node and occult lesion localisation (SNOLL). It
may involve the additional injection of radioactive s@uf&™Tc-nanocolloid using

subdermal technique. Several research groups have reported the first use of the SFOV
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gamma cameras in ROLL and SNOLL proced(#8s158, 159] These studies showed

that the cameras prowd intraoperative imaging to guide the localisation of tumour
and may predict tumour dissection margins. It was also stated that the use of the camera
may shorta the surgical time in comparison with use of the gamma [ids].

5.2.3 Radioactive seed localisation (RSL)

In 2001, Grayet al.reported a seed localisation technique indiopsy or lumpectomy

of nonpalpable breast lesion$60]. Radioactive seed localtgan (RSL) is another
radioguided surgical technique to identify occult breast tumours by using the insertion
of a sealed radioactivé seed in the breast tissue to be excised, under ultrasonographic
or mammographic guidanc€igure5.3). The gamma probe is then used to locate the
radioactive seed in order to guide the surgeon to the suspicious opacity or lesion during
the surgical procedure. Other research groups also proposed the use cheadual
gamma camera system equippgth a parallelhole low energy collimator to localise

the radioactive seqd61]. The RSL procedure was found to be simpler than the ROLL
technique and due to the longer physical-lifdfof the 1?1 seed,it could be inserted

prior to surgery without causing discomfort to the patig62].

Figure5.3: Example showing the use of mammographica} imaging to reconfirm that the seed has
been accurately inserted within an invasive ductal carcinoma of the left breast. TakgbeBhm
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Similar to ROLL procedure, the use of SFOV gamma caseraRSL could be
beneficial. The camera used should be sensitive enough to detect lower energy gamma
rays (~35 keV) emited from 29 andshouldhave the spatial resolution to resolve a
radioactive seed ofnsall physical size (~Inm in diameter)Pouwet al. [164, 165]
reported the feasibility of the application of a freehand SPEGIhique combination

of conventional gamma probe with an optical tracking system in RSL. The imaging
system providedontinuougeal time3-D gamma imagewith informationabout depth

and location of the radioactive seeds, thus enabling accurate andtedegisgaon of

the tumour In addition, it was suggested thaetRSL technique may improve daily

clinical logisticsand reducé¢he workload of the radiology department.

5.3 Assessmentof the performances of SFOV gamma cameras in
SLNB

With the introduction ofSFOV gamma camersystems into surgical practice it is
essential that there argorousmethods for testing, evaluation and quality consl|
discussed irChapter3. Further understanding of the performance and limitations of
SFOV gamma cameras in SLNocedure is important to ensure a high quality
surgical care. There has to date been limited systematic assessment of SFOV gamma
cameras, particularly with phantoms designed to simulate the specific intended area of
use, such as SLNB in breast cancee Tbmmercially available phantoms have mainly
been used as training devices for simulation of the sentinel node detection [il66ess

168]. In addition, special features of the phantom such as the presenck attngy

at the injection site, the different node depths (ND), the-todgection site separation

(NS) and the nod#-injection site activity ratio (NIR) which mimic clinical scenario

are necessary.

Some investigators have reported the use oflsiimgspoke phantoms in evaluating the
performance of SFOV gamma cameras. Kratral. [169] performed a thaugh
assessment of mobile intp@erative imaging systems using a modified Jaszczak
phantom. This phantomag commercially available and relatively expensive. letes

al. reported the fabrication of a mini WillisarPhantom with fourwells in different
diameters adjacent to each other specifically to assess the spatial resolution of SFOV
gamma camergd 70]. Ferrettiet al. has also described the use of four small spheres
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for image quality teting [59]. Thesghantoms offer an inexpensive and simple method
for the performance testing, however both phantoms must be filled with radioactive
solution before use and the difficulty in doing this can be a major limitation due to the
small cavities to be filled.

For any given SLN procedure differences in patient morphology may restite
accumulation of high activity at the injection site or low radioactivity uptakes of the
node. These may cause radiation scatter effects if there are nodes located adjacent to
eachother, subsequently reducing the chances in detecting the true sentinfi4jode

There remains a need for a low cost, simple, versatile and reproducible phantom that
simulates the clinical situation to investigate these issues and to assess and compare the
new generation of camera systems entesurgical use. The aims of the study were to
design a phantom and methods for assessing the specific imaging performance of SFOV
gamma cameras for sentinel node imaging and to the compare performance with a

standard LFOV gamma camera.

5.3.1 Designand construction of the sentinel node phantom

The phantom was designed to simulatepttesence oh SLNand the injection sit@S)

in a volume sim#ér to that of the human breast, usmgvableradionuclide sources
containedn syringes of different sizeShis allowel for the use of liquid sources with
minimal risk of contamination (as used in a previous design of Perkaid171]) and
allowed the phantom to be safely and easily reconfigured duringl bge modular
conceptphantomconsistedf a series oPMMA plates with a layer dbarsto provide
flexibility in positioning the sources accuelit within the phantom, allowing node
depth and nodéo-injection site separation to be varied. The use of syringes provided a

convenient way to load traesignatedctivity concentration of radionuclide.

The phantom was fabricated in the Department @&digal Physics and Clinical
Engineering, Queends Mmrversity HdspitalceNRS Truest, Not
from PolymethylMethacrylate (PMMA), commonly known agrylic glass. The base

structure of the phantomasa cubeshapedPMMA support framein a dmension of

120 mm (W) x 130 mm (D) x 110 (H) mrit.was assembled witloéir 10 mm thick

plates. This offered prdetermined spaces to accommodate other components of the
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phantom with variable configurationgigure 5.4 illustratesthe photograph of the

sentinel node phantom assembly.

Figureb.4: (Top) Photograph of the sentinel node phantom assembled with PMMA plates and bars within
the cubeshaped support frame. Bigger syrirgethe top left of phantom represented the injection site
and the smaller syringe simulated the node. (Bottoi)rgpresentation of the sentinel node phantom
assembly.

Sixteen independent plates and nine bars were stacked withiRMIMA support
frame.A plastic screw was fastened at the end of éddMA bar to aid insertion or

removal of the bar during us€he upper surface of the phantom was covered with a
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5 mm thickPMMA plate mimicking the skin surface. BD Plastipalyringes (Becton,
Dickinson andCompany, Ireland) with maximum volumes of 20 ml and 1 ml were used
as cavities representing the injection site and node respectively. The syringes were
partly filled with radioactive solution and sealed with a blind hub to create discrete

regions of radiactivity at thenodeto-injection site activity ratisequired.

This phantom desigallowed for node depths of between 15 mm and 95 mm and node
to-injection site separations ranging between 25 mm and 95 mm (tewtatre
distances). Thiglimensionalconfiguration was based on previously published data
where the size and depth of breast tumour and node were reported as having a mean
node depth of 35 mifl72], tumour size of 17 + 9.4 mfi73] and node size of 7 mm

[174], with the mean distancé®m primary tumouto nodes varying between 65 and

125 mm[175]. Additionalsyringescould be added to simulate the presence of multiple
node uptakes should that be requifkable5.2 summarisethe echnical specifications

of the phantom.

Table5.2: Technical specifications of the sentinel nhode phantom

Features Dimensions (mm) Quantity
PMMA bars with plastic screv 10 x 120 x 10 9
PMMA plates 100 x PO x 5 13
75 %120 x 5 1
75 %120 x 10 2
PMMA syringe stopper 10 x 20 x 10 1

Construction of the phantom was straight forward and could be easily undertaken by
most clinical engineering workshops. The prototype was constructed at a £880 of
including materials and labour. Syringes are readily available in all Nuclear Medicine
Departments and this allows the flexibility for calibration in a standard radionuclide
activity calibrator and filling with any radioactive liquid at various activity

concentrations or volumes.
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5.3.2 Phantom assessment methods

5.3.2.1 Performance of SFOV gamma cameras

The sentinel node phantom was used to assess the HGC in the research laboratory of
t he nucl ear medi ci ne clinic at Queenods
Hospitak NHS Trust and the Bioimaging laboratory at the Space Research Centre,
University of Leicester. The performance tests involved the investigation of the
detectability of a hot spot (node) in the acquired gamma images. During the tests, the
phantom was usewith two syringes filled with radioactive solution. Syringe 1
(injection site) and Syringe 2 (sentinel node) were filled with 3.0 ml and 0.1 ml of
®MTc-pertechnetate solution respectively, with noolkénjection site activity ratios

between 1:100 and 1100.Figure5.5illustrates the experimental set up of the phantom

imaging tests.

Cooling system

CCD

Scintillator

Pinhole collimator

Optical camera

Mirror /O

Syringes

AN

Phantom
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Figure5.5: (Left) Photograph and (right) schematic diagram of the phantom imaging tesgs se

Syringe 1 was placed at the top left of the phantom, underneath the 5 mm thick square
PMMA plate to simulate the injection site. Syringe 2 was positioned at different ND
(between 15 and 95 mm from surface) and NS (between 25 and 95 simjylate he

node. Series of planar image were acquired with 60 seconds acquisition time. The

optical camera was used to verify the position of the phantom during the experiments.
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Resultanimages were pogirocesse@nd analysed by using ImageJ 1.47v (National
Institute of Health, US). Any outlier pixel(s) (bright spots) were removed and the image
was filtered and enhanced by improving image contrast. Cumulative detection mode
was chosen to present all images in this study while cpoirg detection mode images

were used for quantification purposes.

Figure 5.6 gives an example scintigshic image of the phantom for a NIR 10:100,
positioned aSCD of 180 mm. The node was positioned at 35 mm beneath the phantom
surface and 65 mm (cemntte-centrg away from the injection sitevhich reflected the
average position as mentioned in SectoB.1 Multiple images were acquired with
different ND, NIR, SCD, NS settings, with the presence of high activity from the
injection site.Figure5.7 shows the example of the gamma images acquired at different
NS and ND. The detectability of the sentinel node was assessed by quantifying the
contrastto-noise ratio (CNR) of the node (Sectidn3.2.3 and by the visual

examination of images (Sectiéi3.2.9.

Figure5.6: Gamma image of the simulated IS and node (arrow) (ND:35mm; NS: 65mm)itled0.2

MBq and 2.27 MB@°"Tc-pertechnetate respectively placed at SCD 180 mm. Image was taken using 0.5
mm diameter pinhole collimator HGC with acquisition time of 60 seconds, subsequently applied with a
6.0 pixel Gaussian smoothing filter and cropped.
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Figure5.7: Image of the phantom with the presence of high activity at injection site acquired using HGC.
The node containing 0.2 MB§™Tc (NIR 1:100), at the depthf 15 mm (row a), 45 mm (row b), 55 mm
(row c) and NS of 25 mm (left column), 35 mm (middle column) and 45 mm (right column). Acquisition

time for each image was 60 s. Images on row ¢ do not show the node, the apparent features in both these
images are drito scattered events from the injection site.

The phantom imaging acquired by the HGC gave a good indication of the potential of
the sentinel node phantom in assessing different types of gamma camera. In light of
this, the phantom was used with a secBRDV gamma cameraCrystalCam CXE
CT40A Gamma Camera (Crystal Photonics GmbH, Germdigiire 5.8 shows the
experimental set up during the imaging test with the camera system. This camera is
equipped with changeable paralale collimators (either low energy high sensitivity
(LEHS) or low energy high resolution (LEHR)), having limited FOV but higher

sensitivity compared to HGC, resulted shorter image acquisition time.
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Figure5.8: (Left) Photograph of the experimental set up during the detectability Reght Gamma

image of the simulated IS and node (arrow) (ND:15mm; NS: 35mm) filled with 20 MBq and 0.2 MBq
99T c-pertechnetate respectively placed at SCD 20 mm. Image taken using CrystalCam gamma
camera mounted with LEHS collimator with acquisition time of 5 seconds. The displayed image was
postprocessed with the change of pixel size from 2.5 mm/pixel to 0.625 mm/pixel to smooth the image.

5.3.2.2 Performance comparisonwith standard LFOV gamma camera

For comparison purposes, imaging with a conventional LFOV gamma camera

( Nuc | i-RiegiR, Mediso, Hungary) was performed at nuclear medicine clinic,
Queends Medi cal Centr e, Notti nghgmphicUni ver
images were acquired using the LFOV gamma camera fitted with a LEHR phoddel

collimator for 60 s in a 128 x 128 matrix. The SCD was set similarly to the performance

test carried out with the HGC. Images were viewed using a dedicated nuatkeinme
workstation (Hermes Medical Solutions, London UKgigure 5.9 shows the
comparison of the images acquired using LFOV and SFOV gamma cameras in which

the node at NS 25 mm could not be resolved by the LFOV gamma camera.
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Figure5.9: Comparison of images acquired using the (row a) LFOV and (row b) SFOV gamma cameras
with NS of 25 mm (left) and 35 mm (right) at ND of 15 mm. The image acquisition was perfaithed
60 s acquisition time at SCD of 50 mm. The arrow indicates the simulated node.

Initial use of the sentinel node phantom for the assessment of Brightview XCT SPECT
CT camera systems (Philips Healthcare, Milpitas, CA, USA) was also explored.
SPECTFCT system is one of the standard imaging modality used iropeeative
lymphoscintigram. The SPEGCTT images shows both anatomical and nuclear
information which may guide the surgeon during SLN localisation proceHignere
5.10illustrate the experiment setup and an image acquired by this camera system. With
the aid of the CT image, the coronal view of the phantom image shows excellent

demarcation between the simulated IS and node.
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Figure 5.10: (Top) Photograph of the mantomimaging set upn the SPECICT camera(Bottom)
Example ofhybrid SPECTCT imageatND of 35 mm, NS of 25 mroentreto-centre and acquired using
the cameral(EHR collimatol) with 1800 s acquisitiotime. The arrow indicates the simulated node.

5.3.2.3 Quantitative assessment (CNR)
Quantitative assessment was carried out by measuring the cootnasse ratio of the

node (CNR) using the equatioB.1.

Nn'NO

CNR i

51
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where N is the value of pixels in a node areajfthe value of pixels in the background

ar ea oasntide stdndard deviation of pixel values in background areas. The
detectability of a node vgacorrelated with the threshold CNR of the hot spot in the
image. It was evaluated following Rose criterjdd, 176]where any hot spot with
CNR value exceeding-B, considered to be detectable. The quantification was carried
out usng ImageJ 1.47v (National Institute of Health, US) and the measurements were

performed three times in order to calculate the standard deviation.

CNR measurements were carried out with the phantom images o loodéed at
depths between 15 mm and 55 muith NS of 25 mm and different NIR (1:100 and
10:100) acquired by the HGCThe CNR values were ranged between 3 and 62 as
shown inFigure5.11. The graph shows that higher radioactivity uptake by the node
(higher NIR) increasethe CNR values. However, the relationship between CNR and
ND are inversely proportional. In particular, the phantom image assessment showed the
detectability limits of node seated at depths below 45 mmNM&lf 25 mm and NIR

of 1:100.This indicates thathe HGC will be capable to detect sentinel node which

normally situated at mean depth of 35 mm.

80 -
NIR 1:100
o NIR 10:100
60 =
—— Threshold
xx
Z 40+ §
(@)
(@)
20
o | | 1 1 1
10 20 30 40 50 60

Node depth, mm

Figure5.11: CNR, values (NS of 25 mm) as a function of ND and NIR (1:100 and 10:100). The images
were aquired with 1 minute acquisition time using HGC mounted with 1 mm diameter pinhole
collimator placed at SCD of 50 mm (n=3).
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5.3.2.4 Qualitative assessment

Two subjective types of visual assessment were performed to determine whether a node
was detectable in amage acquired by either SFOV or LFOV gamma camera. The first
assessment was carried out by a medical physics postgraduate researcher to visually
assess the images followed by categorising them as visible (V), partially visible (P) and
not visible (N). Thesecond examination was performed by three independent assessors,
two nuclear medicine professionals and a medical physics postgraduate researcher.
After randomisation, anonymised gamma images were reviewed on a 2réan

LCD nuclear medicine workdian. Each image was assessed and graded according to

a standard grading scaleTable5.3.

Table5.3: Grading scores for detectability assessment of gamma image
Grade Descriptions Examples

1 Node not detected.

2 Node partially detected (very faint or partially hidden

injection site).

3 Overall node detected without discrete border between nod

injection site/background (node not clear).

4 Overall node detected with discrete border between node
injection site/background, but not excellent image quality.

5 Excellent node detectability with good image quality.

Note: Examplegammaimagesobtained using HG@om the phantom studies.

Table5.4 summarised the results of the visual assessment of the node detectability. It
was noticeable that the detectability of radioactivity distributions in the node degraded
with the increasing depth of the node iioa. The phantom simulation tests revealed

that, by visual examination of the images, the LFOV gamma camera could not detect
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low-activity (0.2 MBq) in nodes with a NS of 25 mm at any depth whereas the HGC
could detect the node up to the depth of 45 men,images are impaired beyond that
depth. Results from the independent visual assessment scores also suggested that the
SFOV gamma camera had superior detectability for nodes at NS of 25 mm in

comparison to the LFOV gamma camera for the same conditiahdet.5).

Table5.4: Node detecability of the phantomimagesacquiredwith NIR 1:10Q different ND andNS.
Imageswereacquiredin 60 s usingconventional LFOV gamma camera mouhteith LEHR parallel
hole collimator and HGC fitted with 1 mm diameter pinhole collimator.

SFOV LFOV
Node depth (mm) Nodeto-injection site separation (mm)

25 35 25 35
15 \ \% N \%
25 \ \% N \%
35 P \% N V
45 P \ N \%
55 N P N \%
65 N P N P
75 N P N P
85 N P N P
95 N P N P

V, visible; P, partially visible N, not visible
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Table5.5: Average scores of detectability of node by three evaluators

SFOV LFOV

Node NS (mm)

depth 25 35 25 35
15 4.67 4.67 1.00 4.33
25 3.67 2.33 1.67 5.00
35 2.33 3.00 1.33 5.00
45 2.67 2.33 1.67 4.33
55 2.00 2.00 2.33 3.33
65 1.67 2.00 1.33 2.67
75 4.00 3.00 1.00 2.33
85 2.67 3.67 1.00 2.67
95 4.33 3.00 2.00 2.67

Average 3.11+1.02 2.89+0.82 1.48+0.45 3.59%1.02

5.3.3 Discussion

The sentinel node phantom was found to be robust and straight forward to construct
and simple to use. It was used with syringes that are readily available in any hospital
setting and would be a useful device for any nuclear medipartment or surgical

unit with appropriate technical or physics support. Preparation of the syringes with the
radioactive solution was relatively simple and could easily be performed by nuclear
medicine or physics staff familiar with drawing up radioast in syringes. The
phantom could also be used in quantifying the performances of various camera and
detector systems, including LFOV planar and SPECT camera systems as well as non

imaging gamma probes.

With the modular phantom design, the performarared limitations of a camera system
may be tested with different configurations (varying ND, NS, NIR and activity). The
simulations in this study did not include any active background activity given that the
transportation of radionuclide to the sentinetle is within the lymphatic channels and
does not contribute significantly to systematic background activity. In future use the
amounts of radioactivity and experimental methods used may be varied depending on

the individual practices of different centr@sich as one or twday protocols).
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One of the challenges in the SLNB procedure was the radiation cross talk at the node
due to the presence of the high activity at the injection site. Visual assessment in the
phantom studies have shown that the higisolution HGC could resolve the
radioactivity uptake in the node even though the simulated NS was 25 mmtoentre
centre from the injection site. Some nodes were not detected during visual assessment,
for example the node at a depth beyond 45 mm, eveigithibhe tabulated CNRalues

were above the threshold CNR value. To improve the visibility of the node in display,
image thresholding, masking the high activity injection site and applying appropriate

filters during posfrocessing may be used.

The imparment of node detection with the increasing depth is believed to be due to the
photon scattering and attenuation. Based on the known mass attenuation coefficient of
PMMA (0.1497 cri/g at140 keV), only 50% of the gamma photons will be transmitted
through40 mm depth of material. Furthermore, the sensitivity of the HGC is also
strongly dependent on SCD as previously assessed by Raigidy[105]. Here the
camera performance testing showed that the SFOV gamma sacaarae a useful tool

for SLNB procedure in BCS. Is also suggested that the camera system may be used
in other radioguided SLNB procedures such asmialanoma,head and neck,

gastrointestinal, penile and vulvar cancer surgeries.

5.4 Invitro assessmentfdhe use in radioactive seed localisation

lodine-125 labeled titanium seedsire internal markers which araow becoming
standard clinicapractice to mark the location of the breast tumonra number of
hospitals worldwidd177]. In the UK, this surgical technique was first introduaed
September 201t replace the wire guided localisation (WGL) techniflLig8]. This
technique involves the implantation of tHél seed with a nominal activity of between

3 and 10.7 MBq at the centre ofethtumour under the mammographic or
ultrasonographic guidan¢&65, 177] A gamma probe is used to transdermally localise
the seed prior to incision and subsequently to guide the resection of the tumour and
verify the clearance of the radioactive source from the breast tissues. The probe is also
utilised to localise thé&?d seed in the excised specimen.
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The application of gamma probes in localising the seed intraoperatively was further
improved by the use ofdehandSPECT systenil65] and dualhead gamma camera
systems fitted with parallel hole collimatdi61]. This localisation techniques were
able to provide accurataformation about depth and location of the seed. In particular,
the 3D navigation system of the freehaB&®ECT was able to intraoperatively provide
images in the operating theatre. However, this system still required further optimisation
in term of spatid resolution(5 mm) and accuracy in localisation especially with the
deep seated small lesions and lower actitAtyseedg164]. When undertaking this
work it was considered that tigbrid optical gamma camerasuld potentially offer
added values to the RSL technique due to its high spatial resolution and ability to
provide hybrid opticabamma images. The aim of the study was to examine the
imaging performances of the SFOV gamma cameras'#witaeed.

5.4.1 Performance assessments

Two'®-seed On ¢ o S eneddl&711C, OncuraGE Healthcare, Arlington Heights,

IL, USA) was used in this work. The initial activity of the seeds &8 MBq (Seed

A) and 8.33 MBq (Seed B) respectively which decayed over time duriag th
experimental work took place between December 2016 and May 2017. The activity of

the seeds was calculated and summariséale5.6.

Table5.6: Calculated activity of th&d seed over the period of the experimental work.
Decayed activity (MBQ)

Days
Seed A Seed B

0 8.36 8.33
30 5.89 5.87
60 4.15 4.13
90 2.93 2.91
120 2.06 2.05
150 1.45 1.45

Figure5.12 shows the photograph and the schematigrdm of theOn c 0 Sele d E
consists of a 0.05 muthick welded titanium capsule with the ends sealed by arc

welding. The?d is adsorbed into a silver rod with dimension 0.5 mm in diameter and
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3 mm long, which acts asray markerThe seeds were consiééras sealed radioactive
sources and handledccording to the national regulatory requirements. Imaging

assessments were undertaken with HGC and Nebuleye in the research gamma camera

facility in Medical Physics, QuyHaospitadss Medi
NHS Trust.
—y naerrd banir
L LR e )T
Y N m— 7

L——_. o Dimengions in mm

Figure 5.12: Photograph showing scale in mm (left) and a schematic representation (right}?df an
seed

Feasibility of the source detection using the SFOV gamma canssa@scribed in
Section7.4.4 Sensitivity and spatial resolution of the SFOV gamma cameras using the
129 seeds were assessed, based on the performance test protocol as detailed in
Chapter3. The system spatiabsolutiontestwas carried out by the imaging th&l

seed in place of a line source due to the diameter of the seed being small enough for the
purpose of quantificationable5.7 tabulates the characteristics of the SFOV gamma
cameras for bih HGC and Nebuleye. Furthperformanceassessments were carried

out mimicking the clinical scenario, which taking into considerationkffafrent source

depths, source to surface distances (SSD), activity levels and source separations,
utilising bespokephantoms to simulate patient anatomy and position. The hybrid
opticakgamma images &e obtainedand assessed. Comparisons were made with a

standard gamma probe and LFOV gamma camera.
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Table5.7: Sersitivity and spatial resolution of the SFOV and LFOV gamma cameras H8isgurce.
Parameter HGC Nebuleye Nucl i ne Gamma

Ring-R probe**
0.5 mm 1 mm 1 mm
pinhole  pinhole pinhole
System spatial 0.75 % 1.99 + 153+ 7.3 (LEHR) * 14.47+

resolution 0.07 0.23 0.23 0.08
FWHM (mm)

at 10 mm

Intrinsic 0.25 a250mm 0.22at  45438at25mm  68.38 at
Sensitivity 250mm 250mm
(cps/MBQ)

System 0.02at 1.69 at 0.41at 14.14 at 20nm Not
sensitivity 48 mm 48 mm 48 mm (LEGP) applicable
(cps/MBg

*Data takerfrom [13] using®®™Tc source.
** Navigator GPSM with 12mm angled probe (RMD Instruments Coiyatertown, MA, USA)

5.4.1.1 Seed Deph

The bespoke phantom described in Sechidilwas used to simulate the breast with

the seed placed at different depths. Imaging assessments were undertaken with
Nebuleye and 2.43 MBq df3 seed placed underneath the PMMA different
thicknesses within the phantorRigure 5.13). The camera was position at SCD of

63 mm using an image acquisition time of 5 minutes. This camera positioning gave a
nominal FOV of 52x 52 mm. These experiments were marout to measure the CNR

of the acquired gamma images with seed at depths between 0 mm and 25 mm. CNR
was quantified using the method as described in SesiA.3
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Figure5.13: (Left) Photograph of the Nebuleye camera positioned abovéttszed (arrow) placed on
top of aPMMA plate to simulate the seed on the skin surface. (Right) Images of the seed acquired at a
depth of 0, 10 and 20 mm PMMA (top to bottom).

Figure 5.14 illustrates the CNR values ranged from 1 to 22, quantified using the
acquired images. As expected the graph shows that the relationship between CNR and
ND are inversely proportional, with the deeper seed depths prodimireg CNR

values. The results illustrate that the seed detectability limits of abaven2@sing an
amount of activity (2.43 MBq) which was typically lower than that used clinicatly (3
10MBQq).
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Figure5.14: Relationship of CNR values and depths for e seed images acquired using Nebuleye
mounted with 1 mm diameter pinhole collimator placed at SCD of 63 mm (n=3).
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129 decays with the emission of the characteristica)l of energie27.4keV and
31.4keV and a 35.5 keV gamma photdithen the low energy photons interact with

the scattering medium such as PMMA or water attenuation occurs reducing the number
of photons which could penetrate through the medium to reach the detemntoe5.15
illustrated the percentages of the photon attenuation when interacting with PMMA and
water, which was calculated based tre National Institute of Standards and
Technology(Maryland, USA)data for Xxray interaction cross sections and materia
densitieg179]. The half valie layer (HVL) oPMMA and watefor the!? wasderived

from the attenuation graph by interpolation these being 1Bim and 19mm

respectivelyThis gives an indicatioof the depth of the 50 % loss in tissues.

100 -

Attenuation (%)

0 T T 1
0 10 20 30

Thickness(mm)

Figure5.15: Calculated paxentage of the photons attenuation when passing through different thicknesses
of PMMA and water.

5.4.1.2 Source to collimator distance

Similar imaging assessments were also undertaken with Nebuleye and the 2Z1MBq
seed, without the presence of scatteringlioma. CNR measurements were made with
the gamma images of seed placed at SCD betweem®?@nd 100nm. The CNR
values were ranged between 6 and 224 as showigume5.16. The detectability of

the seed is decreased with the iase of the SCD. Th&° seed positioned at these
settings can be visible, however with the presence of scattering medium, the

detectability degraded with the increase of the thickness of the scatter as discussed in
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Section5.4.1.1 Figure5.16 (right) illustrates the gamma images acquired at SCD of
100mm, with and without the presence of the PMMA.

500 -
—©- Nebuleye

400 = Threshold .

300+

5mm

CNR

2004

100 4

0 I I I I
0 20 40 60 80 100

SCD (mm)

Figure5.16: (Left) Relationship of CNR values and S€r the!?d seed (2.4 MBq) images acquired
using Nebuleye mounted with 1 mm diameter pinhole collimator. Image acquisition timemiagtés
respectively (n=3). (Right) Gamma images acquired at SCD ofrtB@vithout scatter (top) and with
the presencef 60 mm of PMMA (bottom).

5.4.1.3 Acquisition time

Images acquired with different length of acquisition time were also evaluated. The
Nebuleye was positioned at SCD of 63 mm to take gamma imaéf@ssaed with low

(2.9 MBq) and high (6.4 MBqg) amounts of aity. CNR measurements were
performed with the gamma images of the seed taken with acquisition times between 1
and 30 minutes. The CNR values were ranged between 4 and 40 for seed at lower
activity level; between 5 and 127 at higher activity level as showagure5.17. The
camera was able to detect the seed in all images acquired with this experiment set up.
The seed was visually identified in all resulted gamma images. Both CNR values
increased with the increase of acquisittone. However, the graph shows that the
increase of the CNR values for the images of seed with higher activity level is steeper

than those with lower activity level.
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Figure5.17: Relationship of CNR valuesnd acquisition time for th&% seed at low (2.9 MBq) and high
(6.4 MBQq) activity levels. Images were acquired using Nebuleye mounted with 1 mm diameter pinhole
collimator at SCD of 63 mm (n=3).

5.4.1.4 Pinhole diameter

It was considered of interest to asseseffect of the diameter of pinhole collimator
used in the SFOV gamma camera. Since the pinhole collimator could not be changed
in the Nebuleye camera this work was carried out using the HGC. Images were taken
using HGC mounted with either 0.5 mm diaarginhole collimator or 1 mm diameter
pinhole collimator. The seed (2.9 MBq) was position at SCD betweenn2@nd
100mm and the imaging time was 5 minutes. The CNR values ofadableimages

were quantified. They were ranged between 1 and 67 foresnaigthe seed placed at

the SCDs from 20 mm to 100 mm as showFhigure5.18. In general, the CNR values
decreased with the increase of SCDs. Higher CNR values were obtained for images
acquired using the HGC with 1 mm pinholdliooator, due to higher sensitivity. Most

of the images were above the CNR threshold, however the imaging assessing showed
the detectability limit for seed placed at SCD beyond 60 mm, acquired using HGC fitted

with 0.5 mm pinhole collimator.
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80 - o 1 mm pinhole collimator

0.5 mm pinhole collimator
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2278counts 646 counts 56 counts
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Figureb.18: Relationship between CNR and SCDs for images acquired using 1 mm (top row) ammd 0.5
(bottom row) pinhole collimators. The number of counts within the ROI of the seed were indicated
underneath of each eges (n=3).

Further imaging assessment were carried out to examine the visualisation'éfl two
seeds (~1 MBq each) positioned in parallel to each other separated at a distance between
1, 2 and 3 mnat SCD of 30 mm. Images were acquired with 600 sgusybrid optical

gamma cameras fitted with eiti@5 mm or 1 mm diameter pinhole collimatBigure

5.19 shows the gamma, optical and fused images of thé?fiveeeds with a separation
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of 3mm (edgeto-edge), taken usinflebuleye fitted with 1 mm diameter pinhole
collimator. This is the minimum separation of two seeds which could be resolved by
this camera configuration. The quantifegstem spatial resolution (FWHM]) SCD of

30 mm was3.54 + 0.23 mm

. 8 L N

Figure5.19: Gamma (left), optical (middle) and hybrid (right) images of #ieseeds placed with a
separation distance of 3 mm, taken by Nebuleye mounted with 1 mm diameter pinhole collimator with
SCD of 30 mm and 10 mites acquisition time.

With the smaller diameter pinhole collimator (0.5 nfitted in the HGC the system
spatial resolutiofFWHM) at SCD of 30 mm was improved 2008 + 0.07 mm. This
camera configurations enabled to resolve thewo 29 seeds witha separation of
2 mm. Figure5.20illustrates the line profiles of the gamma images. Two peaks can be
clearly identified in the Gaussian fitted profile generated from gamma image acquired
with the seeds placed anm apart, howesr a single peak wahownwith the seeds

placed closer (inm apart).
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Figureb5.20: (Left) Line profiles (5 pixel width) drawn across the centre of the hot spot(s) in the gamma
images (right) with seeds placed 1 mm (top) and 2 mm (bottom) apart. The connecting lines were the
profiles fitted with Gaussian function

5.4.1.5 Clinical simulation

Pilot subjective assessment were performed to determine the ability of the SFOV
gamma cameras indalising the seed in clinical simulatiotf’ seed (~8VIBqg) was

placed beneath the skin of breast region ofadult cardiopulmonary resuscitation
(CPR training manikin Four designated positions were marked with letters on the skin
surface (A to D) asi®wn inFigure5.21. The number and position of the located seed
was blinded to the assessors. Six independent participants (nuclear medicine staff) were
informed of the study objectives and procedure. Imaging was undertaken using
Nebuleye positioned at SSD of 180n using a 2 minute acquisition time. Images were
processed and displayed on the beta version of Nebuleye software. The participants
were asked to visually assess the resulted image subsequently determine the position
andnumber of seed involved. If the first image was not satisfactory, a second image
acquisition was taken with a shorter SSD

by the assessor.
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Figure5.21: (Left) Photograph of the clinical simulation. (Right) Ppebcessed hybrid image illustrated
a bright blob at the position of ACO0O surrounded

Table5.8 summarised the details of the clinical siation assessment undertaken using
Nebuleye. All assessors were able to determine the correct number of seeds located at
the designated sites by visual assessment of the resulted hybrid image. Four of the 6
assessors required second imaging at a neareirS&Der to confirm the number and

location of the seeds.

Table5.8: List of assessmentsdertaken using tHdebuleye.

Assessor Number of  Number of seed determined (at Number of
seed correct position) images taken
1 2 2 2
2 1 1 1
3 0 0 2
4 1 1 1
5 1 1 2
6 1 1 2

5.4.2 Simultaneous detection of dual radionuclides

Pouwet al.[180] have reported the use of standard gamma probes for the simultaneous
detection of dal radionuclides in a combined RSL a8dNB procedures for nen
palpable BCS. These involved the implantatiort?df seeds to guide the excision of
primary tumours and the administration”$fTc-nanocolloid for SLNB. To assess the
potential of the HGC fathe combined procedures of RSL &Id\B a pilot laboratory

study was carried out in an anthropomorphic breast phantom.
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An 12 seed (6.25 MBq) an#™Tc solution (0.16 MBq) contained in appendortube

were inserted into a bespoke anthropomorphic brphantom developed at the
University of Leicestef37]. These were placedcn apart (centrgo-centre), 5.5 cm

away from the dome apex and 2 cm underneath of simulated skin surface of the
phantom. Imaging was uedaken using the HGC fitted with a 1 mm pinhole collimator
positioned 5 cm away from the phantom to record an oblique view as sh&iguie

5.22. Image acquisition time varied between 30 s and 600 s.

P o

!nvu

Figure5.22: Schematic diagram of the experimental set up and (inset) breast phbném®a.courtesy
of University of Leicester.

For comparison purposes, imaging with a conventional LFOV gamma camera

( Nucl i @R, Mediso, Hmgary) and an SPEGTT camera system
(Brightview XCT, Philips Healthcare, Milpitas, CA, USA) was performed at nuclear
medicine clinic, Queenbdbs Medical Centre,
The energy window width 0f20% centered on the phot@ks of the respective
radionuclides (30 and 140 keV) were set at both camera sy&ersanultaneous
acquisition. Images were viewed using a dedicated nuclear medicine workstation

(Hermes Medical Solutions, London UK). For SPECT image registration, ivas
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performedusing ImageJL.47v (National Institute of Health, USJue to the local

Hermes workstation was limited to fuse two sets of image data.

Figure 5.23 shows the gamma images & seed taken with HGC for various
acqusition times between 30 and 600 s. In this experiment, both radionuclide sources
could be detected within a 30of acquisition time. Although both sources could be
seen it was not possible to discriminate between the different gamma emission energies.
With the increase of acquisition time, the demarcation of the individual source was

found to be more distinct by subjective visual assessment.

Figure 5.24 shows the phantom images acquired using LFOV gamma camera and
SPECTCT camerasystemwith the conditions and sources in place as described above.
Two hot spots can be clearly seen in both images. With the aid of the CT image, the
SPECT images were fused and displayed in different colour scales (&fehot

metal °°™Tc) to eas identification two different radionuclides accumulate within the

target tissues (simulating activity in the sentinel node and the seed in primary tumour).

30s

120 s 300 s 600 s

Figure 5.23: Gamma images (oblique view) of the dual isotopes acquired using HGC with different
acquisition time.
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20 mm

Figureb.24: (Left) Scintigraphic image acquired using LFOVgamma camére20 minutes acquisition
time, phantom placed at SCD of 2 cm and matrix size ok128. (Right) Fused SPECT and CT images
obtained using SPEGTT with matrix size of 128 x 128, 120 projections over a 180° rotation in which
20 s per projection for ehadetector. Two separate SPECT image$?®fand **"Tc were generated
simultaneously in addition to the CT image (3 sets of image data) during the imaging session.

5.4.3 Discussion

This chapterdescribes the first results of the use of the SFOV gamma aartt¢GC

and Nebuleye) in the detection and imaging%@fseed sources. The camera systems
have presented the ability for detecting the lower energy (35.5 keV) of gamma photons
emitted by the'®@ as well as simultaneous detection $f"Tc. This would be
particularly useful in RSL for nepalpable breast tumours and other soft tissue masses
[181], as a compliment to the current standard procedure using ganoipe. The
hybrid images could aid the surgeon in localising the seed thereafter confirming the
position without additional mammography intraoperatively. This may also be a useful
toolin assegsg clearance of radioactivity around theeast tissues atgmphatic basin
following surgeryand localising the seeex vivoduring removal from the excised

specimen.

A limitation at the time of the investigation was that the energy window setting was not
possible in current version bf/brid opticalgamma camer resulting the same colour

scale image display of photons detected. This limits the potential of the camera to
segregate tissue masses when dual radionuclides are used simultaneously for example
during the combined RSL ar®l.NB procedures. In additionhé¢ 2D images do not
provide any estimation of depth of the radionuclide uptake, which would be crucial





































































































































































































































































