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ABSTRACT

Development of Pinhole X-ray Fluorescence Imaging
System to Measuran vivo Biodistribution of

Gold Nanopatrticles

Seongmoon Jung
Program in Biomedical Radiation Sciences
Department of Transdisciplinary Studies
Graduate School of Convergence Science and Teaiolo

Seoul National University

Purpose: This work aims to show the experimental feasipilir a dynamian vivo
X-ray fluorescence (XRF) imaging of gold in livinmnice exposed to gold
nanoparticles (GNPs) using polychromatic X-rags: collecting K-shell XRF
photons using a 2D cadmium zinc telluride (CZT) gancamera, the imaging
system was expected to have a short image acquiditne and deliver a low
radiation doseThis study also investigated the feasibility of gsan L-shell XRF
detection system with a single-pixel silicon ddétector (SDD) to measuex vivo

GNP concentrations from biological samples.



Methods. Six GNP columns of 0 % by weight (wt%), 0.125 wt9@25 wt%, 0.5
wt%, 1.0 wt% and 2.0 wt% inserted in a 2.5 cm di@mpolymethyl methacrylate
(PMMA) phantom were used for acquiring a linearresgion curve between the
concentrations of GNPs and the K-shell XRF photemdétted from GNPs. A fan-
beam of 140 kVp X-rays irradiated the phantom fonita in each GNP sample. The
photon spectra were measured by the CZT gamma aaiitez K-shell XRF counts
were derived by subtracting the photon counts efQttwt% PMMA phantom (i.e.,
pre-scanning) from the photon counts of the GNRéoaphantom (i.e., post-
scanning). Furthermore, a 2D convolutional neustivork (CNN) was applied to
generate the K-shell XRF counts from the post-sedndata without the pre-
scanning. For a more sensitive detection ofihévo concentrations of GNPs in the
biological samples, the L-shell XRF detection systgsing the single-pixel SDD
was developed. Six GNP samples of 2i8#300 ug Au/30 mg water (i.e., 0.0078
wt%—1.0 wt% GNPs) were used for acquiring a calibracurve to correlate the
GNP mass to the L-shell XRF counts.

The kidney slices of three Balb/C mice were scarate¢arious periods after
the injection of GNPs in order to acquire the gitative information of GNPs. The
concentrations of GNPs measured by the CZT gammereaand the SDD were
cross-compared and then validated by inductivelyptad plasma atomic emission
spectroscopy (ICP-AES). The radiation dose wassasseby the measurement of

TLDs attached to the skin of the mice.

Results: The K-shell XRF images showed that the concentmtatibGNPs in the
right kidneys from the mice was 158.15 wt% at T = 0 min after the injection. At

T = 60 min after the injection, the concentrationGiMiPs in the right kidneys was



reduced to 0.7#0.29 wt%. The K-shell XRF images generated by &RIN were
similar to those derived by the direct subtractioathod. The measuresk vivo
concentration of GNPs was 0:86.22 wt% by the L-shell XRF detection system
while it was 1.08:0.50 wt% by ICP-AES. The radiation dose deliver@thie skin
of the mice was 10¥4 mGy for acquiring one slice image by using tlrea

subtraction method while it was $2 mGy by using the 2D CNN.

Conclusions: A pinhole K-shell XRF imaging system with a 2D CfgBmma
camera showed a dramatically reduced scan timéeihatred a low radiation dose.
Hence, a dynamiim vivo XRF imaging of gold in living mice exposed to GNIFas
technically feasible in a benchtop configuration. dddition, an L-shell XRF
detection system can be used to measwevivo concentrations of GNPs in
biological samples. This imaging system could pieva potentiain vivomolecular
imaging for metal nanoparticles to emerge as asadisitizer and a drug-delivery

agent in preclinical studies.

Keywords: X-ray fluorescence, pinhole, gold nanopdicles, biodistribution,
radiation dose

Student Number: 2014-24851
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CHAPTER I. INTRODUCTION

.1  Applications of Metal Nanoparticles in Medicine

There has been a dramatic increase in the inténeshe use of metal
nanoparticles (MNPs) for medical applications fdew past decades. Particularly,
the applications of MNPs in the cancer therapydiagnosis have become emerging
research areas, which include for tumor targefioigdrug and gene delivery, as an
imaging contrast agent and as a radiosensitizgr (> Among the various MNPs,
high atomic number (Z) MNPs made from, for instagol (Au), gadolinium (Gd),
barium (Ba), iodine (1) or silver (Ag), were provemhave the greatest potenfidl.
Due to their high X-ray absorption properties, higMNPs as the imaging contrast
agent have been used for X-ray imaging or compist@dgraphy (CT¥.For another
example, gadolinium oxide nanoparticles (GANPsYigea contrast enhancement
for magnetic resonance imaging (MRH.Since Hainfeldkt al. firstly demonstrated
the feasibility of using gold nanoparticles (GNBs)the radiosensitizer in 2084a
variety of studies have been reported on MNP erdgthmadiation therapy using
external X-ray sources, brachytherapy sources, elsag proton and carbon ion

beamg3-2t



Medical applications of MNP

Antibodies

Tumor targeting &
Drug delivery

Radiotherapy

* Radiosensitizer
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Imaging

+ Contrast agent
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Fig. 1. Schematic illustration of applications of MNP iredical field.
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[.2  Molecular Imaging of Metal Nanoparticles

When the specific organs or tumors are targetedh e nanomaterial
conjugated with high Z MNPs, functional informationthe target regions can be
acquired by imaging those high Z MNPs. Preclinistaldies using high Z MNP
injected into small animals indicate that the dymabiodistribution of MNPs is
crucial to evaluating biological effect and toxjciThe most common method used
for this purpose is to measure e vivoconcentration of MNPs using inductively
coupled plasma-mass spectroscopy (ICP-MS) or -ata@miission spectroscopy
(ICP-AES) and graphite furnace atomic absorptioecspmetry (GFAAY®
Although these methods measure very low conceairati MNPs (i.e., in ppb), they
require complex sampling procedures such as tisgaision, freeze-drying, and
chemical preprocessing. In order to further impletmgigh Z MNPs in clinical
practices, monitoring the biological effect anditity must be carried out based on
in vivo biodistribution of MNPs in the tumors and normsstes’

However, CT, which is the most popular imaging mibglen the medical field,
only offers anatomical information so that it canmsolely accommodate high
demand for functional and molecular information diagnosis. Conventional
molecular imaging modalities, which provide funaibinformation such as single
photon emission computed tomography (SPECT) anittpo&mission tomography
(PET) using radio-labeled drugs, have been useddoades in clinical diagnoses
and preclinical studi&®2?® However, an administration time and imaging

procedures are limited due to the radioactivity difetime of the isotopes. In

3



preclinical studies, modalities such as opticabféscence imaging, diffuse optical
tomography, and photo-acoustic imaging have beéelwiused to measuie vivo
biodistributions of MNP$:242¢ However, those modalities have a substantial
limitation on imaging depth due to light scatterfddRecently, with the technical
advance of energy resolving detectarsyivo imaging of high Z MNPs using a

spectral CT has been also studigd.



.3 X-ray Fluorescence Imaging

I.3.1  Principle of X-ray Fluorescence Imaging

In addition to the aforementioned modalities, apothromising method is X-
ray fluorescence (XRF) imaging or X-ray fluoresecenmomputed tomography
(XFCT).52°When an incoming radiation (e.g., X-ray or chargadicles) interacts
with MNPs, inner subshells (i.e., K- or L-shell@elrons are ejected out of the shells.
The energy of the incoming radiation should bedartpan the electron binding
energies of the subshells (i.e., K- or L-edge eylerghen a vacancy in the inner
shell S is initiated mostly due to photoelectric effect (onization event for
charged-particles). When the electron from theraubshells fills the vacancy in
the 9, an isotropic XRF photon is generated with theegienergy of & and the
probability of B1. The ks is the difference of the binding energy between$and
the §, while the B; can be determined by either calculations or erpenmts. Since
the number of the emitted XRF photons is proposido the quantity of the MNPs,
the XRF photons are used to determineith@vo quantifications and distributions
of MNPs. An energy resolving detector measuresghspectra including Compton
scattered photons from the MNP-loaded or -injestemlobject and the XRF photons
emitted from the MNPs. When the XRF photons ard discriminated from the
Compton scattered photons, XRF images of MNPs eagemerated. A schematic
diagram of the emission of typical XRF photonshiewen in Fig. 2 and the principal
XRF peaks of Au are listed in Table..

In comparison with the aforementioned modalities2nthe XRF imaging can
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overcome the depth-penetration limitation existethe modalities using the optical
signals. Compared with SPECT and PET that useditlie-tabeled drugs, the XRF
imaging can be performed to image the MNPs injeat¢al animal without the
synthesis procedure of isotopes, special storage,riimited administration time
and special care after the proc&sFherefore, the XRF imaging can provide a
biological monitoring over wholén vivo study cycle. Although, the spectral CT
provides higher spatial resolution and rapid imggaquisition time than those of
the XRF imaging, higher molecular sensitivities axpected to be achieved in the

XRF imaging?®3!

Ejected K-shell
(Sy) electron

Incoming
radiation

L-shell (S;) ele
fills vacancy

K-shell XRF
photon emitted (Eyq, Pg4)

Fig. 2. Schematic diagram of emission of X-ray fluoreseenc
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Table 1. Principal K-shell and L-shell X-ray fluorescence (XRF) peaks of gold.*

Subshell,
K-L, K-L; K-M; K-M;s L;-M; L;-M3 L,-Ms L-Ns L3-Ms L3-Ms Ls3-Njs
So-Si
Line notation Ko K Kﬁ3 KB 1 L134 LB3 LB 1 LYl Lo Lat Lpz
Energy, Eoi (keV) 67.18 69.04 77.82 7823 11.19 11.60 1148 1342 9.62 971 11.59
Probability, Po1 (%) 28.01 4766 524 10.14 274 317 2895 5.71 254 2236 4.18
-



I.3.2  History of X-ray Fluorescence Imaging

The first XRF imaging was suggested in 1986 by gisirsynchrotron X-ray
source®? The X-rays from synchrotron facilities have quasinochromatic energies
and can provide slight higher energy than the K--edge energy of the metal. The
cross-section of photoelectric effect is dependenthe energy of incoming X-rays
and is the highest when the energy of incoming y&ria slightly higher than the
edge energies. Therefore, a large amount of XREoplsa@an be generated when the
X-rays from synchrotron facilities are used asékReitation source. However, due
to the limited access to synchrotron facilitiese@rchers utilized polychromatic X-
ray sources that are now available on a laboratoaje. Cheongt al. proposed the
XRF imaging system using polychromatic X-ray solirc2010%3 Focusing on the
K-shell XRF imaging, Jonest al. detected 0.5% by weight (wt%) Au by using 105
kVp cone-beam X-ray¥.Ahmadet al. showed images of 0.25 wt% GNP using 120
kVp pencil beam X-rays by optimizing detector argudonfiguratior?® Since they
used a single-pixel energy resolving detector, tatian of the phantom and a
translation of the detector were required to obtainographic images. The image
acquisition time for an image was 90 min per stice.

In order to reduce the image acquisition time,ghaups of Meng and of La
Riviere demonstrated improved images obtained by@é§ition-sensitive detectors
computationally and experimentafi?’ In these studies, synchrotron X-rays and
pinhole collimation with a 2D X-ray charge-coupldevice (CCD) camera which

has detection efficiency of ~30% at 10 keV and ~Hi%5 keV were used to detect
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XRF photons in iron (Fe), zinc (Zn), and bromine)(8olutions. The energies of K-
shell XRF of those elements are from 6.4 keV t@ K&V. Very small samples (i.e.,
0.75-mm-diameter cylindrical tube) were used duthélimited penetration depth
of these low-energy XRF photons. Furthermore, tieegntly demonstrated K-shell
XRF imaging of Fe, Br and copper (Cu) solutionsusing polychromatic X-rays
with a slit collimator® Sasayaet al. proposed a multi-pinhole XFCT system using
2D silicon (Si) detector and synchrotron X-r&yShey measured K-shell XRF
photons (i.e., ~29 keV) emitted from | and L-sh&RF photons emitted from GNPs
inserted in a 1 cm diameter phantom, since thectidike energy range of the 2D Si
detector was 5.4-36 ke¥>° More recently, a benchtop XFCT system with a linea
array cadmium zinc telluride (CZT) detector waseleped forin vivo imaging of
Gd in living mice exposed to GANPs. With an impletagion of the linear-array
CZT detector, the image acquisition time was reduoe7.5 min per slicé

On the other hand, several researchers claimedhbaGNP concentrations
used in the aforementioned XFCT experiments weterealistic in present cell
targeting techniques, because the GNP concentsatidhe tumor were expected to
be an order of 0.001 wt%:** Therefore, an L-shell XRF imaging was suggested to
achieve higher detection sensitivity than thath&f K-shell XRF imaging. The L-
shell XRF imaging for GNP can detect much lowercaniration than does the K-
shell XRF imaging due to much higher photoelecatisorption and much lower
amount of Compton scattered photons. The grouhofdchieved the detection limit

of ~0.001 wt% with 60 kVp pencil beathThe group of Xing measured 0.06 wt%
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GNP in a 2.8 cm diameter phantom using 50 kVp peream?® Moreover, the
detection limits of the both benchtop K-shell andgHell XRF detection systems
were investigated experimentatf® The estimated detection limits were 0.0005 wt%
and 0.02-0.06 wt% in 0.8 cm diameter plastic tutsesthe L- and K-shell XRF
detection systems, respectivéiy® The silicon drift detector (SDD) and Si-PIN
detector were well-known detectors for measurirglitshell XRF photons due to
their high energy resolution and low noise in thergy range for the L-shell XRF
photon peaks of Au. However, a shallow thicknesthefSi substrate (i.e., 506m

in SDD) causes an inefficient absorption for thghler energy photons. In other
words, the penetration depth of the L-shell XRFtphe strongly limits the use of
the L-shell XRF imaging technique to small samplie®se diameter and thickness
are less than 1 cM* The groups working on the XRF imaging system using
polychromatic X-rays were listed in Table 2 witlspect to the type of metal, the
type of XRF peaks (i.e., K- or L-shell XRF), theagle of X-ray beam, the type of
detector, the design of collimator, the measurattentration by the systems, and

the diameter of the phantom.
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Table 2. List of research group of benchtop XRF imaging system and summary of their experimental parameters.

Group Metal XRF Measured Beam detector collimator Phantom REF
concentration  shape (cm)
(Wt%)
Cho GNP (Au) K-shell 0.24 Cone CdTe Parallel 3 27,34
hole
L-shell 0.001 Pencil SDD Parallel ~0.8 44
hole
Xing and AuCl; K-shell 0.25 Pencil CdTe - 6.4 35
Bazalova L-shell 0.06 Pencil SDD - 2.8 43
LaRiviere and  Fe, Cu, Br K-shell 25 Pencil 2D CCD Slit 0.1 38
Meng
Li and Chen GdNP (Gd)  K-shell 0.2 Cone Linear- Pinhole 5 40
array CZT
Ricketts GNP (Au) K-shell 0.02 Pencil HPGe Parallel 0.8 46
hole
L-shell 0.0005 Pencil SDD Parallel 0.8 45
hole




1.3.3  Specific Aims

The K-shell XRF imaging for high Z MNP has more guittal to be used in
preclinical studies than does the L-shell XRF imagn terms of the imaging depth.
However, two major limitations are existed in therent benchtop K-shell XRF
imaging techniques:

(1) Long image acquisition time: 90 min per slice ia benchtop XFCT system
with the single-pixel photon counting deteétand 7.5 min per slice in the
benchtop XFCT system with the linear-array photoanting detectof?’

(2) Shallow imaging depth (< 1 cm) in XFCT system wiith 2D position

sensitive detector (CCD camera or Si detect8ry.

In order to overcome these limitations, a new KHsKBF imaging system was
suggested in this study. The K-shell XRF imaginsteym consists of
(1) Commercial 2D position-sensitive and energy-resghdetector having the
detectable energy range of 35-285 keV for a rogewivo imaging
(2) Pinhole collimator to achieve a direct 2D slice igesof the MNPs injected
into object irradiated by fan-beam polychromaticra¥ss without image

reconstruction

In this work, a Monte Carlo (MC) model was desighedhow the feasibility
of K-shell XRF imaging of GANP and GNP in cylindriovater phantoms. Among

various MNPs, GANP and GNP likely have the higpestntial for being used as an
12



imaging contrast agent and as a radiosenstizgratiicular, GNPs were proved to
be much safer and less toxic sensitizing agenthéocancer treatmebifhe model
consists of the cylindrical water phantom, fan-bgatychromatic X-rays, pinhole
collimators and 2D arrays of CZT gamma camera. Khghell XRF photons
stimulated by incoming X-rays, behave like isotoghly emitting gammas. Photons
passing through a pinhole have their own positemd energy information so that
one can acquire a 2D slice image directly fromnglsi sheet of fan-beam irradiation
without image reconstruction or rotation of theeatj The pinhole K-shell XRF
imaging system has an imaging mechanism very sintoleéSPECT? Hence, the
design and dimension of the pinhole, and the tyqkthe pixel size of the detector
were benchmarked commonly used in preclinical geHOPECT>! The MC
model was created by using Monte Carlo N-Partigesin 6.1 (MCNP6.1% The
MCNP6.1 code has been widely used for the simulattadies of CZT, CdTe, and
HPGe semiconductor detectors for medical imagirtgThe XRF images generated
by the MC model were quantitatively evaluated inm® of image quality and
imaging doses.

This work also aims to show the experimental fakisitfor a dynamicin vivo
K-shell XRF imaging of Au in living mice exposed®NPs. The configurations and
the part of geometrical dimensions of the develogeshell XRF imaging system
were based on the suggested MC model. By colle&tisgell XRF photons using a
commercial 2D CZT gamma camera, the imaging systes expected to have a

short image acquisition time and deliver a low imggdose. The dynamia vivo
13



K-shell XRF imaging of GNPs in the kidneys of thigalb/C mice was performed.
The concentrations of GNPs in the kidneys were tifiih with respect to the time
that had elapsed after the injection. Furthermibiis,investigation also showed the
feasibility of using an L-shell XRF detection systevith SDD to measurex vivo
GNP concentrations from excised biological sampliéisout the complex sampling
procedures that were required by ICP-AES. The aunaons measured by tlire
vivoK-shell XRF imaging system and the L-shellvivoXRF detection system were
cross-compared. The measuesdvivoconcentrations were then validated by ICP-

AES. The objectives in this study were formulatedalows:

Aim 1: Design a MC model for a pinhole K-shell XRF imagaystem with a
commercial 2D CZT gamma camera and find a methggofor XRF signal

processing.

Aim 2: Demonstrate in GNP-loaded imaging phantoms that dbveloped
pinhole K-shell XRF imaging system based on themhd@el reduce the image

acquisition time.

Aim 3: Show the experimental feasibility of dynamic wowKRF imaging of Au
in living mice exposed to GNP using the developiethgle K-shell XRF

imaging system
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CHAPTER Il. MATERIALAND METHODS

1.1  Monte Carlo Model

I1.1.1 Geometry of Monte Carlo Simulations

A geometry of MC model was illustrated in Fig. 3cindrical water phantom
in the middle of Fig. 3(a) had a diameter of 5 e¢rd a height of 5 cm. In the phantom
were placed four 1 cm diameter and 3 cm heightndyical water columns
containing Gd or Au of different concentration®©Dwt%, 0.03 wt%, 0.06 wt%, and
0.09 wt% as shown in Fig. 4. Two pinhole collimatarere located on both sides of
the phantom, having a pinhole of 2 mm diameter twad sheet of 5 mm thickness.
The pinhole had cone-shaped profiles with an aecegtangle of 102° (Fig. 3(b)).
The beam plane-to-collimator and the collimatod&tector distances were 2.5 cm.

The incident X-ray beam was specified as a fan-bafaiimm width and 5 cm
length. Due to high-energy resolution of semicondudetector, a commercial
pixelated CZT gamma camera comprised of four SRE4TDT25.4 modules
(Integrated Detect Electronics AS, Oslo, Norwayd baen chosen as a deteétdt.
The detector consisted of 3232 pixels of which each pixel had a dimension.6f 1
x 1.6 mnt and a 5 mm thickness. The detector had an Al606tlaw of 1.5 mm
thickness in front of the CZT crystal. The deteoias assumed to be position-
sensitive and to have 100% detective quantum eff@i due to the high attenuation

coefficient of CZT. The geometric efficiengywas calculated in (1) and (2)
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g =d, COS 6 /160 (1)

wheredes, gis the effective pinhole diameter calculated 3sq & the angle between
the source (a mid-plane in water phantom whereritident X-rays pass through)

and a pinhole, anldis the beam plane-to-pinhole distance.

Ay, =/dld + 2 tan(a 12) +[(2u *an*(a 12)]  (2)

The effective pinhole diameteks, ¢ accounts for penetration of the edges of the
pinhole apertured anda are the pinhole diameter and acceptance anglesataagly.
w1 is the linear attenuation coefficient of collimatoaterial (i.e., lead). The system

resolutionRsyswas calculated by (3)-(%)

Rsys = V Riﬁl + Rczoll (3)

Rcoll = deff,R(I + b)/l (4)

duyr=d+(n(2)/ u)tan(a /2) (5)

whereR is the intrinsic resolution of the detectBg, is the collimator resolution,
| is the distance from pinhole to active surfacdeiéctor. The field-of-view (FOV)
in this configuration was 5.12 cm in diameter. Hearethe magnification factor and
the FOV were adjustable by varying the beam plarestimator and the

collimator-to-detector distances. Utilizing the gesirical symmetry of collimator-
16



and-detector configuration (shown in Fig. 3(a)), Mtages from the both sides were

combined to reduce noise for a given computatioe fi

(a) Pinhole collimator Pinhole collimator

z
y \I X 25cm

Pixelated detector Fan beam of x-rays  Pixelated detector

2.5cm 2.5cm

(b) i | P

Mid-plane of the phantom |

Fig. 3.(a) MC simulation geometry for pinhole K-shell XRRfaging system and (b)

schematic of pinhole collimation, where the acceptsangle is 102°.
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Fig. 4. Imaging water phantom where four columns are assguim have different
concentrations of either Gd or Au. The rightwardews indicate the incident fan-
beam X-rays. Gd or Au columns of 0.01 wt%, 0.03 w06 wt%, and 0.09 wt%
are located in left, in, out, and right with respecthe incident direction of X-rays,

respectively.
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A benchtop XFCT has a technical obstacle that Comgtattered photons
considerably obscure the detection of K-shell XRietpns. There have been two
approaches reported to enhance the discriminatfo)XRF photons from the
Compton scattered photons: first, Ahmaidal. suggested an optimized spectro-
spatial detector configuratiof?® second, Manohaet al. found that increasing
incident X-ray energy made the gold XRF peaks neasily discerned from the
Compton scattered photottsSince the source and the detector arrays haced fix
angle of 90° in the simulation geometry, the laethod was implemented.

In order to acquire Gd K-shell XRF images, 110 kgychromatic X-rays
filtered with tungsten 0.3 mm were used. For Auh€lsXRF imaging, 140 kVp X-
rays with Al 1.5 mm, Cu 0.25 mm, and Sn 0.75 mimdilon were used. The filter
used for 140 kVp was one of the commercial fil@rX-ray machine (X-RAD 320,
Precision X-ray Inc., North Branford, CT, USA). Thaergy spectra of the above
two polychromatic X-rays were extracted from theel8palc code that has been
validated with measurements and MC results and irsegveral studie¥:%? In
addition, monochromatic X-rays with four differeartergies (i.e., 51, 60 keV for Gd,
and 81, 95 keV for Au) were used to compare theganguality and the radiation
dose. The X-rays of 51 and 81 keV were expectéthte high photoelectric cross-
sections that led high fluorescence emission, dimeg were close tBeqge€nergies
of Gd (i.e., 50.2 keV) and Au (i.e., 80.7 keV),pestively. The X-rays of 60 and 95
keV were chosen to increase the incident X-ray ggasrto avoid large Compton

scattered photons reaching the detector, accotdidMpnoharet al>® The incident
19



X-ray source spectra for Gd and Au are shown in BigEach simulation was
conducted for x 10" histories by using mcnp6.mpi in a Linux clusteitithis
number of incident particles, the image quality #&mel radiation dose for different

X-ray spectra were evaluated.
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Fig. 5. Three X-ray source spectra for pinhole K-shell XiRlaging for (a) Gd and
(b) Au.
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I1.1.2 Image Processing

The K-shell XRF photons and the Compton scatteteatqms reaching the
detector array were tracked by the energy-spepifise-height tallies (i.e., F8 of
MCNP6.1). In order to detect distinct K-shell XRlegks above the Compton
scattered photons, an energy bin of 1 keV wasdhd detector tallies in the
simulations. TheK,; and K,, peak energies of Gd are 43.0 keV and 42.3 keV. The
Au XRF lines have their peaks at 69.0 keV and &&)2 The raw XRF signals were
obtained by selectively subtracting tii&,; and K,, photon counts of the pure
water phantom from the same energy photon countseofvater phantom with the
Gd or Au columns inserted.

Since the energy resolution of the CZT gamma camvasamuch higher than 1
keV, a degradation of simulation results was ned¢deedflect realistic situation. The
energy spectrum of Am-241 radio-isotope (Ortec, Gadge, TN, USA) emitting
59.5 keV gammas was measured by using the CZT garamara. The Am-241
source was electrodeposited resulting in an aciea of 3 mm diameter on a
palladium disk of 12.7 mm diameter and 0.127 mnokihéss. At the source-to-
detector distance of 5 cm, the spectrum was meaddyrehe CZT gamma camera
for 1 hour at room temperature. All 1024 pixel ctsumere averaged over to
determine %full width half maximum (%FWHM) of theetéctor at 59.5
keV. %FWHM at 59.5 keV was assumed that it migtitbesignificantly different
from those at K-shell XRF energies of Gd (~43 kaxijl Au (~68 keV). Degrading

the simulated photon spectra for 110 kVp and 14Qp KX‘rays with the
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measured %FWHM caused the XRF peaks to be broad€hedaw XRF signals
were derived by subtracting 41-46 keV photon co(imisGd XRF imaging) and
66—71 keV photon counts (for Au XRF imaging) of gwre water phantom from the
same energy photon counts of the water phantom@adtlor Au columns inserted.
The attenuation correction for the incident bearmh ARF photons was taken

into account by using mass attenuation coefficiabtes published from NISYas

(6):
NI =N!@/e™Y)ale ) (6)

where N! is the attenuation corrected fluorescence photomts, N! is the raw
XRF counts ofi" pixel, u, is the linear attenuation coefficient of waterttae
incident X-ray energy,u, is the linear attenuation coefficient of wateKashell

XRF energy (i.e., Gd: 43 keV, and Au: 68 keV). Thil-plane of water phantom
where the incident fan-beam passed through wadetivinto 32x 32 pixels (like
pinhole projection of detector array). Since therbeplane-to-collimator and
collimator-to-detector distances were same, it asssimed that the photons frdn
pixel of the mid-plane arrived &f pixel of the detector.y’ is the path length of

incident X-rays in the phantom, whilg' indicates the path length of XRF photons

of i pixel in the phantom (Fig. 6). For the polychroimat-rays, the terme Y

was replaced with (7):
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Emax Emax
e =( > N, e )/ >N, (7)

m=Ey m=Ey

where N and y  are the number of photons and the linear attéswat
coefficient of water at the photon enengy respectively. E, is the energy right
aboveKeggeenergy (i.e., Gd:E, = 51 keV, and Au: E, = 81 keV). Since the incident

X-rays belowKeqgeenergies could not contribute to the XRF signigse photons

were excluded in (7).E,__ is the maximum energy of incident polychromatic X-

rays.

As the radial distance from the central pixel a&f tletector array increases, the
detection sensitivity of peripheral pixels suffénem the inverse distance-squéte.
Such sensitivity correction factors were determifteth empirical data obtained by
additional MC simulations. As shown in Fig. 7, ewal disk source of 5 cm diameter
and 5 mm height cylinder that was isotropically &img the same energy photons
with K-shell XRF (i.e., Gd: 43 keV, Au: 68 keV) wascated in a position of the
mid-plane of water phantom. The sensitivity of fhehole collimator is best for
photons originating from the center of the virtsalirce, whereas photons from the
periphery are much less detectable. The photontsa#tected by each pixel of the
detector were normalized against the value of #reral pixel. The reciprocals of
each value are the sensitivity correction factors.

By multiplying all the correction factors by thewaRF signals of each pixel,

corrected pixel values were obtained. These cadechlues directly plotted on a
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2D map, representing the location and concentratibiisd or Au columns. A
Gaussian filter was applied to decrease noise.r@strtb noise ratio (CNR) was used

to evaluate the image quality for the incident X-spectra as (8):

CNR:(6R0| _ébg)/abg 8)

where Crorand C,, are the mean pixel values in the region of inte(BQI) and

background region, respectively. The ROIs werepilkels projected by the Gd or
Au columns, while the background region was sethto central pixels of FOV.

g is the standard deviation of pixel values in baokgd region.
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Detector 2 -
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Fig. 6. Schematic of pinhole XRF imaging system. The mahe of water phantom

was divided into 3% 32 pixels of which each had 1x8..6 mnt. y is the path length

of incident X-rays in the phantom, whieis the path length of XRF photonsibf

pixel in the phantom.
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Pinhole collimator Pinhole collimator
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_____ .
y \l X : 25cmy, 2
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Pixelated detector Mid-plane of
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Pixelated detector

Fig. 7.MC simulation model for sensitivity correction. & kirtual disk source of 5
cm diameter and 5 mm width in the mid-plane of wateantom isotropically emits
fluorescence-like photons. The arrows describe g@tsooemitting from the virtual
source. The photons originating from the centethef source are detected more

efficiently than those from the periphery.
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[1.L1.3 Radiation Dose

The average dose to the water phantom for thrégantX-ray spectra for each
of Gd and Au XRF imaging was assessed by MC sinaulat For each simulation,
the energy deposited per history in the irradiatgidme (i.e., 5 cm diameter and 5
mm height cylinder) of the water phantom was siaddor 1x 10" histories using
the energy deposition tallies (*F8 of MCNP6). Tivermge dose was determined by
dividing the energy deposition per history by thassof the irradiated volume and

then multiplied it with 1x 10'.
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[I.2 Development of Pinhole K-shell XRF Imaging System

I1.2.1 System Configuration and Operation Scheme

Based on the MC model, the K-shell XRF imaging eystvas developed. The
XRF imaging system consists of fan-beam polychraonXtrays, the pinhole
collimator and the CZT gamma camera (Integratece®eElectronics AS, Oslo,
Norway) as the MC model suggested. Particularlg, drameter of the pinhole
collimator and the peak voltage and the filterhad X-ray sources were exactly the
same as the MC model. In addition, the methodofogyhe image processing was
basically the same as the MC study. Moreover, eidit XRF detection systems by
using a single-pixel CdTe detector (X-123CdTe, Ashpnc., Bedford, USA) and a
SDD (X-123SDD, Amptek Inc., Bedford, USA) were aldeveloped to cross-
compare the concentrations measured by the CZT gatamera. In summary, the

whole XRF detection system in this investigationgists of (Fig. 8):

(1) K-shell in vivo XRF imaging system with the 2D @&mma camera and
the pinhole collimator

(2) K-shell in vivo XRF detection system with the sifgkel CdTe detector
and the parallel hole collimator

(3) L-shell ex vivo XRF detection system with thgle-pixel SDD

The incident X-rays passing through the tungsterbi@am collimator interact

with GNP-loaded object. On the right side of thgoh the pinhole collimator made
28



of tungsten and lead is located. The secondaryopBoincluding the Compton

scattered photons and the XRF photons passingghrtine pinhole reach the CZT
gamma camera. At the same time, on the left sideeobbject, the CdTe detector
with the parallel hole collimator is located. ThesKell XRF photons and the
Compton scattered photons are measured by the QGdiextor. In the actual

measurement situation, once 2D images are acghiréde CZT gamma camera,
the CdTe detector with the parallel hole collimasdranslated to the point of interest
to be measured. The L-shell XRF detection systeusésl to measure much lower
concentration of GNPs from excised biological sasgtom the object. The SDD
was well-known to measure the L-shell XRF photong do their high-energy

resolution and low noise in the energy range oltishell XRF photons of Au.
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Fig. 8. Schematic diagram of a benchtop configuration of whole XRF detection system.
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I1.2.2 Pinhole K-shell XRF Imaging System

1.2.2.1 Experimental Setup

As mentioned in the previous section, the pinhokghéll XRF imaging system
was assembled based on the proposed MC model. ytens consists of the
movable sample stage, the pinhole collimator, thedrically shaped tungsten
collimator and the CZT gamma camera (Fig. 9). Tihbgle collimator and the CZT
gamma camera were placed perpendicular to a bemautidn. The inner of the
pinhole was 2 mm as same as the diameter thateggned in the MC model. The
outer diameter of pinhole was 4.88 mm with an atzuege angle of 40°. The pinhole
of collimator was made of tungsten while the réshe collimator was made of lead
as shown in Fig. 9(a). The thickness of the enti#imator was 9 mm. The
acceptance angle was different with that in the id@lel, because the distances of
beam-plane-to-pinhole and pinhole-to-CZT gamma camwere changed. The beam
plane-to-collimator and the collimator-to-detectistance were 7.5 cm in the
experiment. The cylindrically shaped 5 mm thickgsten collimator was attached
to the front window of the CZT gamma camera to lshphotons leaking from the
X-ray tube (Fig. 9). The inner diameter of the tsteg collimator was 6 cm. The
detailed description of the CZT gamma camera wastioreed in I1.1.1. The X-ray
source to axis distance (SAD) was 50 cm, whereattie was defined as a line
passing through the center of the pinhole and tEd @amma camera. The
geometrical efficiency, and the system resoluti@s walculated by (1) to (5). The

FOV of this system was 4.8 cm in diameter.
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The filtered 140 kVp X-rays generated by X-RAD 3&6re used to stimulate
K-shell XRF photons from GNPs as recommended imM@esimulations (Fig. 5(b)).
The current to the X-ray tube was determined td benA that did not exceed the
maximum count rate for the CZT gamma camera &I counts/sec for 1024
pixels). The X-RAD 320 has its adjustable collinratdhich users can control the
radiation field size manually. However, by using #idjustable collimator, it was
hard to generate a narrow sheet of fan-beam Xatys a good reproducibility.
Therefore, a tungsten fan-beam collimator was desigand manufactured (Korea
Tungsten, Fig. 10). The tungsten fan-beam collimaith a 2 mm slit was used to
generate the fan-beam having a thickness of 2.2 Th thickness of the tungsten
fan-beam collimator was 5 mm. The beam profilesewaeasured by an XR-RV3
radiochromic film (Gafchromic®) as shown in Fig.(&p The film was located at
the X-ray source to surface distance of 47.25 che filtered 140 kVp X-rays
irradiated the film for 10 min. Then, the film wasanned by an Epson 11000XL
flatbed scanner by the reflection mode and analygedsing a Verisoft 3.1 (PTW,

Germany).
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Fig. 10. Photographs of (a) the tungsten fan-beam collimaod (b) the
experimental setup for the measurement of radiafield by using XR-RV3

radiochromic film.
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The PMMA phantom of 2.5 cm diameter and 5 cm leng#s imaged to
determine an optimal image acquisition time anddquire a calibration curve to
correlate GNP concentration to K-shell XRF coufg.(11). In the phantom a 1.0
cm diameter hole was placed, where GNP columns nbawix different
concentrations were inserted that were 0 wt%, Ovi25, 0.25 wt%, 0.5 wt%, 1.0
wt%, and 2.0 wt%. 1.9 nm diameter GNPs (AuroVisinbprobes Inc., NY, USA)
were diluted with deionized water (DI watét)The GNP column had an inner
diameter of 0.64 cm and an outer diameter of 1.0Tdme height of GNP column

was 1.0 cm.

(b)

(@)

d »
| !

2.5cm 5cm

Fig. 11.Schematic illustrations of (a) top- and (b) lateiew of the imaging PMMA

phantom. (c) Photograph of the imaging PMMA phantom
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11.2.2.2 Measurement of K-shell XRF Signal

The energy calibration of the CZT gamma cameraacgaducted by measuring
gammas emitted from four different radio-isotoplest twere Am-241 (Ortec, Oak
Ridge, TN), Ba-133, Cd-109 and Co-57 (Type R, EckeFiegler). The center of
the radio-isotopes was aligned to the center of0B& gamma camera by using a
laser pointer. The gamma-rays were measured foufl & room temperature at the
radio-isotopes to detector distance of 5 cm. Thaber of channel bins was 256. Al
the photon counts from 1024 pixels were summeet@mate one spectrum for each
radio-isotope. Major photon emissions for the fadio-isotopes are listed in Table
3_66

Table 3. Major gamma emissions for Am-241, Ba-133, Cd-108 @o-57¢°

Nuclide Major gamma emissions (keV)

Am-241 59.5 (36%)

Ba-133 81.0 (34.1%), 276 (7.2%), 303 (18.3%), 356 (61.9%), 384 (8.9%)
Cd-109 88.0 (3.6%)

Co-57 14.4 (9.2%), 122 (85.6%), 136.5 (10.7%)
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According to Table 1, the most dominant K-shell Xpttotons of Au have the
energies of 67.2 keV and 69.0 keV. However, aslvéltlescribed in 11l.1.1 and Fig.
18, due to the limitation of the energy resolutidithe CZT gamma camera that was
utilized in this investigation could not measure tvo separate K-shell XRF peaks.
Instead, one K-shell XRF peak from GNPs was shauimesenergy window between
65.6 keV and 71.0 keV. As already presented ifMRestudy, the raw XRF signals
were acquired by subtracting the photon countseKtshell XRF peak of the 0 wt%
PMMA phantom from the counts of the same channethedoGNP-loaded PMMA
phantom. The width of the channel windows was 4obis (i.e., 5.4 keV in energy).

The raw K-shell XRF counts were then processedbyorrection procedures
that will be described in 11.2.2.3. The methodsctrrect and account for the
attenuation and the sensitivity were basically #zeme as in the MC study.
Additionally, pixel-by-pixel channel windows for e@a pixel were selected by
analyzing the measurement data that will be alsatioreed in 11.2.2.3. The negative
raw K-shell XRF counts were considered to be zero.

Several pixels were observed to have large variatio the energy response.
This abnormal difference in the photon counts migsult in large noise in the K-
shell XRF images. In particular, this affects thealgy of images for low
concentration of GNPs. In order to find the abndrpizels, the photon counts
scattered from a 0 wt% PMMA phantom were measuyatd CZT gamma camera
in three different days. The irradiations with 1d@p X-rays to a PMMA phantom

of 5 cm diameter and 5 cm height were conductedlomin in each day. The
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differences in the photon counts between the tmegsurements were analyzed. By
using a Chauvenet's criterion, the abnormal pigeiewing the large differences in
the photon counts compared to the average diffesehetween the three days’
measurements were selected. The total number gixbts in the FOV (i.e., 4.8 cm

in diameter) was 764. For N = 764, the maximum pssihle ratio of the deviation

to standard deviation for the Chauvenet’s critefio®, t) is 3.408. The values of
the abnormal pixels whose; is greater than 3.408 were then converted to the
average value of the photon counts of the surragndight pixels (or five pixels

when the abnormal pixel is located at the outerrimoie FOV).
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11.2.2.3 Signal Processing: Correction Factors

The attenuation correction method was already ptedein the MC study as
described in I1.1.2. The attenuation for the inaidX-ray and the K-shell XRF
photons was considered by using the mass attenuatefficient of PMMA

published from NIST as (9)
aCZT = e#lyi X eﬂKxi (9)

where ac,r is the attenuation correction factqu; is the linear attenuation
coefficient of the PMMA at the incident X-ray engrgi, is the linear attenuation
coefficient of the PMMA at K-shell XRF energy of Au68 keV). As shown in Fig.
12, y; is the path length of the incident X-rays in ti@ptom, whilex; is the path
length of the K-shell XRF photons Df pixel in the phantomy; calculated by (7)

was 0.1867 crh, while p, was 0.2072 cmh
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CZT gamma camera,
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Fig. 12.Schematic illustration of pinhole XRF imaging gyst The plane of PMMA
phantom was divided into 32 32 pixels of each had 1:61.6 mni. y; is the path
length of incident X-rays in the phantom, whilés the path length of XRF photons

of i pixel in the phantom.
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As described in 11.1.2, the decrease of the detecensitivity of the peripheral
pixels was calculated by the MC simulation. Theirgjically shaped tungsten
collimators were attached to the virtual CZT gantaeeras on the both sides. A
virtual source emitting 68 keV X-rays was definechaive 2 mm width and % 5
cn? rectangular shape. In addition, the pinhole cations were designed following
the realistic geometry (i.e., the inner diamete? ofim with the acceptance angle of
40°) and material (i.e., tungsten and lead). Thenb@lane-to-collimator and the
collimator-to-detector distances were 7.5 cm. Thetpn counts detected by each
pixel of the detector were normalized against tl&imum value among the pixels.
The reciprocals of each value are the sensitivityection factors. The sensitivity
correction factors greater than 1.25 were assumbd rero, since those pixels were
out of the FOV (i.e., 4.8 cm in diameter).

Even in the uniform field of gammas, pixel-by-piygioton counts measured
by the CZT gamma camera showed quite large diftem®nThis non-uniformity
might be due to a defect of CZT crystal, a chatgiag effect, or electrical noise.
In order to determine the correction factors fa pixel-by-pixel non-uniformity of
the CZT gamma camera, a gamma emitting Cd-109-iadtope (Type R, Eckert &
Ziegler) was used. The source to detector distawase25 cm. Gamma rays emitted
from the Cd-109 were measured by the CZT gamma ieafoe 41 hours at room
temperature. The photon counts measured by eaaH pixthe detector were
normalized against the maximum counts among thelgiX he reciprocals of each

value are the pixel-by-pixel non-uniformity correct factors.
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The total correction factors were calculated by thaltiplication of the
attenuation correction factors, the sensitivityreotion factors and the pixel-by-
pixel non-uniformity correction factors. By multyphg the total correction factors
by the raw K-shell XRF counts, the corrected K-sX&F counts were obtained.
The corrected K-shell XRF counts were then tre&wedhe Gaussian filter witho
= 2 of which matrix were 8 3 to decrease background noise of imagés.

The effect of the scan time on the image qualitKefhell XRF images was
investigated by varying the imaging time with 0.51p1 min, 2 min, 3 min, and 5
min for the 0 wt% PMMA phantom and the 0.125 wt%NMphantom. Therefore,
the total image acquisition times for one slicea@D image were from 1 min to 10
min. The measurements were repeated five timesachn imaging time. The image
qualities of K-shell XRF images for the 0.125 wtdliBcolumns were assessed by
CNRs. In order to acquire the calibration curveMssin the GNP concentrations and
the corrected K-shell XRF counts, the measuremerte repeated ten times for
each GNP concentration with 1 min irradiation. Tihear relationship between the
GNP concentrations and the mean count number pelripiROls was obtained. The
ROI was the pixels projected by the GNP columnsc&ihe projected area of the
GNP columns on the CZT gamma camera was 8.64 cnt, the ROI had 4 6
pixels (i.e., 0.64 0.96 cni). The calibration curve was used to convert thesoted
K-shell XRF counts to the concentration of GNPsifiovivo mice experiment that

will be described in 11.3.1 and 111.3.
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11.2.2.4 Application of Convolutional Neural Network

One of the limitation of the current imaging systsnthat the pre-scanning of
the object (i.e., a scanning for the 0 wt% PMMA mpioa in the phantom study) is
necessary. In order to reduce the motion artifaatsed by the inter-scanning
positioning errors, the GNP-loaded object (i.ee tmall animals) should be
restrained at the same position during a full soanperiod. If the interval between
the scanning is too long to anesthetize the smahal (i.e., over than an hour), the
inter-scanning positioning errors significantlyeadf the quality of the XRF images.
Therefore, an application of convolutional neuratwork (CNN) was suggested to
generate the XRF images, which only required trs-poanning.

The FOV for training the CNN was 3X23.2 cn?(i.e., 20x 20 pixels). The 2.5
cm diameter PMMA phantom containing the 0.64 cnmaiter GNPs columns of 0
wt%, 0.125 wt%, 0.25 wt%, 0.5 wt%, 1.0 wt% and\&t® was translated five times
each for a horizontal direction and a vertical ciin so that the XRF photons from
GNPs could be measured at every pixel in the defff@V. At each position, the
phantom with 0 wt% GNPs (i.e., the pre-scanning} \veadiated twenty times,
while the phantom with other concentrations of GNiRs, the post-scanning) was
irradiated ten times. The irradiation was perforni@dl min for each phantom.
Among the measured data, 12,000 XRF images wedcass training dataset. These
images were produced by the combination of rand@ellgcted sixteen pre-scanning
data and six post-scanning data at each positidncancentration (i.e., 16 (pre-

scanning)x 6 (post-scanning¥ 25 (position)x 5 (concentration) = 12000). Both
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validation dataset and test dataset had 500 XREédmaach (i.e., 2x 25x 5 =
500). The XRF images of validation and test dataset not included in the training
dataset. All the measured data were treated foisémsitivity correction and the
pixel-by-pixel non-uniformity correction.

After the dataset preparation, the 2D CNN was lailjenerate XRF images
without the pre-scanning. The schematic diagrath@frchitecture of the 2D CNN
is shown in Fig. 13. In the training stage, thege®mof the post-scanning data were
fed into the model as inputs, while XRF images gateel by the subtraction between
the pre- and post-scanning data were targets. Etwork was trained by a
supervised manner with a combination of mean sguamor and structural
similarity loss. The number of epoch was 500 ardrtetwork was validated with
the validation dataset after each epoch. The bedehwas updated and saved when
the mean squared error of the ROI between outpdittarget was less than the
previous epoch. The ROIs were selected as33ixels neighboring the maximum
pixel values in each XRF image. Four GPUs (Nvidiald VV100) were utilized for
an efficient training. After the training stageetavaluation of the trained network

was performed with the test dataset.
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Fig. 13. An illustration of the architecture of 2D CNN to generate XRF images without pre-scanning.




11.2.3 K-shell XRF Detection System

11.2.3.1 Experimental Setup

Since the K-shell XRF detection system is used kanaously with the pinhole
K-shell XRF imaging system, the characteristiceoident X-rays were exactly the
same as they were described in 11.2.2.1. The exyaarial setup for the K-shell XRF
detection system is shown in Fig. 14. A cylindriegd collimator of 4.0 cm diameter
and 9.0 cm height having a parallel hole of 0.25diameter along its central axis
was designed and manufactured to minimize the utedascattered photons
reaching the CdTe detector. The collimator wastkxta4.0 cm from the beam plane.
The CdTe detector and the collimator were perpenai¢o the beam direction. The
front window of the CdTe detector was located 86@m behind the front part of
the collimator. The CdTe detector has a Be winddod0® pm, the CdTe crystal of
3 x 3x 1 mn?. The energy calibration of the detector was cotetliby using three
dominant K-shell XRF peaks from 2.0 wt% GNRRS {: 67.2 keV, K,,: 69.0 keV
and Kg,: 78.2 keV). The number of channels was 1024. dingension of the
PMMA phantom and GNP columns was the same as ittessribed in 11.2.2.1. The
concentration of GNPs ranged from 0.125 wt% to 2owThe irradiation was

performed 1 min and repeated ten times for eacbhesdration.
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11.2.3.2 Signal Processing

For acquiring the calibration curve between the GNifcentrations and the K-
shell XRF photons emitted from the GNPs, the naseecthat was needed for
anesthesia of mice (as will be described in 11.8v&¥y removed. The CdTe detector
and the parallel hole collimator was aligned todéeter of the GNP column inserted
PMMA phantom. Three discrete K-shell XRF peaks webserved at channel
number 453, 465 and 527. The most dominant twogatk53 and 465 werk,,
XRF peaks of 67.2 keV and 69.0 keV. In order toneste the Compton scattered
photon counts under the K-shell XRF photons, thildya points from the off-peak
ranges of 62.12-64.21 keV, and 69.57-71.65 keV welected. By using a linear
interpolation, the background curve for Comptonttecad photons was acquired.
The K-shell XRF photon counts were determined téhizesubtraction between the
photon counts from GNP-loaded PMMA phantom andgéeerated background
curve within the energy range of 64.21-71.65 kd\ @ittenuation correction for the

K-shell XRF counts measured by the CdTe detectartalee into account as (10)

exp(—HI,PMMAXYref) _ €XP(—UKPMMAXXref)
exp(—/1,mXY1) exp(—HUK,m*XK)

Acare = x (nose cone factor) (10)

where acq47. IS the attenuation correction factor for the CdiBtector. The first

term corrected the attenuation of incident X-raysnaterial,m, while the second

term corrected the attenuation of XRF photons enrtiaterialm. y,., and x,¢

are 1.25 cm and 2.5 cm, respectively. and x; are the path lengths for incident
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X-rays and K-shell XRF photons in phantom (Fig.a®(u; pyma and pig pryma
are the linear attenuation coefficient of PMMA fiocident X-rays and K-shell XRF
photons, respectivelyu; ,, and u ., are the linear attenuation coefficientofor
incident X-rays and K-shell XRF photons, respedyivieor this studymwas PMMA
so that the linear attenuation coefficientnofor incident X-rays and K-shell XRF
photons were the same as the PMMA. After the afteo correction factor was
applied to the raw K-shell XRF photons, the lineglationship between the GNP
concentration and the corrected K-shell XRF cowvds acquired. The error bars
were 1.96%4¢ (i.e., 95% confidence interval, Cl) wheeg4te is the standard
deviation of the corrected K-shell XRF counts frten measurements. In addition,
the attenuation corrections due to the nose cagreofdd as nose cone factor) along
the beam path of XRF photons was considered. The cone factor was calculated
by the ratio of the K-shell XRF count with the nasme and without the nose cone

for 0.5 wt% GNP-loaded phantom as (11).

K—shell XRF counts without nose cone

Nose cone factor = (11)

K—shell XRF counts with nose cone
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1.2.4 L-shell XRF Detection System

11.2.4.1 Experimental Setup

For the measurement et vivo L-shell XRF photons, 40 kVp X-rays generated
by X-RAD 320 were used as the excitation source. AhikVp X-rays were filtered
with Al 2 mm. The tungsten fan-beam collimator wasioved so that the incident
X-rays fully covered the vials. The current to eay tube was 10 mA. The SDD
was placed perpendicular to the beam direction By The front window of SDD
was located 3 cm from the center of vials. The 312D a Be window of 12.pm, a
Si crystal of 0.5 mm thickness and 2.82 mm diamdtee peaking time of the SDD
was 3.2 us. Under this measurement setup, the SDD has agyeresolution in the
range of 0.135-0.140 keV FWHM at 5.9 keV, while thaximum count rate is
expected to fall in the range fromxL 1(P-2 x 1 counts/sec according to the
specifications by the manufactufer.

The energy calibration of the SDD was performedibiyng three dominant L-
shell XRF peaks from 2.0 wt% GNPB,: 9.71 keV, Lg,: 11.48 keV andL,:
13.42 keV). The number of channels was 2048. 21849.38 ug, 37.5 ug, 75 ug,
150 pg and 300ug of GNPs stirred into 30 mg of DI water (0.0078wtl.0 wt%
GNPs) were used for a calibration curve betweemtass of GNPs and the L-shell
XRF countsThe vials for the calibration had an inner diamefé&s mm and an outer
diameter of 8 mm. The irradiation was performedib and repeated five times for

each vial.
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11.2.4.2 Signal Processing

The three discrete L-shell XRF peaks were obseatathannel number 405,
477 and 557. The most dominant two peaks at 405t@nRdvereL,, XRF peak of
9.71 keV andLg; XRF peak of 11.48 keV. A sum of the two L-shell KiReaks
was used to create the calibration curve. In aimgenerate a background curve for
discriminating L,; XRF peak, data points from the off-peak range9.68-9.32
keV, and 9.96-10.10 keV were selected. By usingnaat interpolation, the
background curve was acquired undgy XRF peak. Thelg; XRF peak from
GNPs was allowed to overlap witki, XRF peak of Br. This peak might have been
generated from the head geometry of the SDD. Fedthcrimination of thelg,
XRF peak, a Gaussian function was applied to miheéshape of th&, XRF peak

of Br. Pure Lg; XRF counts from GNPs was extracted by subtradtieggenerated

Gaussian background curve from the overlappgd XRF peak (Fig. 16).
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1.3 Invivo Study in Mice

[1.3.1 Experimental Setup

The three mice were 6 week old female Balb/C, wieigi5-17 g = 3). All
experiments were conducted in accordance with ttetogols and guidelines
approved by the Seoul National University Instiodl Animal Care and Use
Committee. 1.9 nm diameter GNPs (AuroVist, Nanopsolnc., NY, USA) were
prepared according to the instruction provided ey manufacturer. The 40 mg of
GNPs was suspended in 0.2 mL phosphate-bufferetesslution. The mice were
anesthetized with isoflurane gas via inhalation &wout an hour. They were
restrained in a prone position and three slicembabmen for each mouse were set
to the light field of the fan-beam of X-RAD 320 @il 7). Before the injection of the
GNP-containing solution, pre-scanning of each mauase performed for 1 min for
each slice. The thickness of the slice was 2 mriowing the pre-scanning, the
GNP-containing solution was injected into the mi@ea tail vein. Subsequent to the
injection of GNP-containing solution, the mice weoanned at T =0, 10, 20, 30, 45,
and 60 min. At every time point, the post-scannitag performed for 1 min for each
slice. The correction factors including the atteimma correction, the sensitivity
correction and the pixel-by-pixel non-uniformityroection were multiplied to the
raw XRF counts. It was assumed that the lineana#on coefficient along the
beam path in the mice was the same as that ofytineliical water phantom. The 3
x 3 Gaussian filter was then applied to the imagedoice the background noise.

After T = 60 min, the mice were euthanized via.G@halation and left and
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right kidneys, spleen, liver, and blood from theethmice were extracted. The total
number of tissue samples was 15, while 3 organsaoh type listed above were
extracted. The extracted organs were then examedmall pieces whose diameters
were less than 3 mm. The masses of excised orgaressmeasured to calculate the
concentration. The L-shell XRF detection systerrhwli® kVp X-rays was used to
measure the L-shell XRF photons emitted from thepdes. The irradiation time
was 5 min and the measurement was repeated threg fior each sample. ICP-AES
was again used to measure the mass of GNPs withisame excised organs. The
correlation between the concentrations of all edisrgansr( = 15 measured by
the L-shell XRF detection system and ICP-AES wasssed by Pearson correlation
coefficient. In addition, the mean and standardiat®mns of the measured
concentrations of the tissue samples-(15) from the three miceN = 3) were also

compared.
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11.3.2 Dose Measurement

In order to measure the radiation dose deliveratigaskin of the mice during
the imaging interval, TLD-100 detectors (Harshavineiimo Fisher Scientific,
denoted as TLD) were used. The TLDs were calibrhtethe filtered 140 kVp of
X-RAD 320. The reference dosimetry was performedatpwing the TG-61lin-air
measurement protocol with a 0.6cc farmer-type idmantber (30013, PTW,
Germany)° The TLDs were attached to the skin of the micereadicated by light
field (Fig. 17(b)). After the irradiation, the TLDsere read out by a TLD Reader

(Harshaw 3500, Thermo Fisher Scientific).
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CHAPTER Ill. RESULTS

[11.1 Monte Carlo Model

l11.1.1 Geometric Efficiency, System and Energy Resdution

Since the energies of K-shell XRF photons of Gd Andvere relatively low
(Gd: ~43 keV, Au: ~68 keV), the effective pinholamieter was almost same as the
physical pinhole diameter which means that thers m@ significant penetration
effect in the edge of aperture. The geometriciefficy depends on the anglé, The
geometric efficiency was 1.6610° for the minimum angle (i.e., 0°) and 5.830
4 for the maximum angle (i.e., 47.7°). The collimraand intrinsic resolutions were
3.90 mm and 1.60 mm, respectively. The imagingesydtad the system resolution
of 4.22 mm.

From the measurement of Am-241 photon peak at k&5 %FWHM of the
detector was determined to be 18.6% (i.e., 11.1)k@V¥g. 18). According to
this %FWHM, the original MC spectra of 1 keV enelig were degraded by using

the Gaussian distribution (MATLAB 2014a, MathWorksg.).
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l11.1.2 K-shell XRF Image by Monte Carlo Simulations

Fig. 19 illustrates the simulated spectra of thetrad pixel for 0.09 wt% Gd
column region irradiated by the three differentays. The two green curves of Fig.
17 were obtained by degrading the original MC gpefttvo red curves of Fig. 19)
of 110 kVp according to the measured %FWHM of 18.8%e XRF peaks oK,
and K,, are shown to be a single peak due to their closggées (red arrow of Fig.
19). The X-rays of 51 keV induced more Compton lgaciund photons than the X-
rays of 60 keV and 110 kVp. The X-rays of 60 ke 440 kVVp showed very similar
XRF and Compton photon counts in Fig. 19(b), whindans that 110 kVp with a
tungsten filter could replace monochromatic X-rays.Fig. 19(b), the energy
window of A was used to acquire images for 1 ke¥rgy resolved detector, while
the energy window of B for 18.6% FWHM-treated dé&ted-ig. 20 shows Compton
scattered photon count maps and 2D pinhole K-atieE images of Gd. Compton
background photons by 51 keV X-rays were mainlyftbe region of 0.06 wt% Gd
column or nearby (see also Fig. 4). The white dasireow in Fig. 20(e) shows
decreased XRF signals caused by a large amount oofipton background
(backward-scattered photons). Even Gd columns OfL Owt% (i.e., lowest

concentration) were detectable in all XRF images.
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Fig. 19. Energy spectra of K-shell XRF and Compton scatt@ieotons from 0.09
wt% of Gd column; (a) energy spectra of 30 to 70 keV and (b) energy spectra of 38

to 48 keV focusing on the range of K-shell XRF ggyer
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Compton background from K-shell XRF images
pure water phantom of Gadolinium
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Fig. 20.Images of (a)-(c) with X-ray energies: Comptonkggound photon images
from a pure water phantom. Images of (e)-(g) witheX{ energies: Pinhole K-shell
XRF for four gadolinium columns. Images of (d) afi) showed Compton
backscattered photons and pinhole XRF photons 0fkMp degraded by 18.6%
FWHM. A fan-beam of X-rays was incident on the ptioam from the left side of
each image. Gd-columns of 0.01 wt%, 0.03 wt%, W@ and 0.09 wt% were
shown in bottom, right, left and top, respectivdifie white dashed arrow in (e)
showed the decreased XRF signals due to a largeranb Compton background

photons.
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The linear relationship between XRF signals anadt@tentrations was plotted
in Fig. 21. In Fig. 21(a), all curves for threeighent X-rays show a strong linearity
(i.e., R > 0.98). This also implied that the corrections foe attenuation and
sensitivity worked well. The CNRs of the Gd colunuadculated from pinhole K-
shell XRF images are shown in Fig. 21(b). There m@asignificant difference in
CNRs of 51 keV and 60 keV images except for 0.0%@&d column. All the CNRs
of 110 kVp X-ray images acquired by 1 keV-energgoieed detector were lower
than those in monochromatic X-rays. The CNR of B¥¢f image of 1 keV-energy
bin had the lowest value of 4.6 for 0.01 wt% Gduomh, which was larger than the
value of 4 as the recognizable limit accordinght® Rose criterion. Although some
blurring noise of 110 kVp images of 18.6% FWHM-dsdgd detector appeared,
their CNRs were similar or even higher than thosthe images of 1 keV-energy

resolved detector.
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Fig. 21. (a) Linear relationship between gadolinium conaitns and integrated
XRF counts. (b) CNR values in the region of gadalimcolumns for three different

X-ray source spectra.

63



The two peaks oK ,, and K,; XRF photons from 0.09 wt% Au column were
clearly discerned from Compton background in thecsm of 1 keV-energy
resolution detector (as shown in Fig. 22). Althotilgh XRF peaks in the degraded
spectrum (empty green triangles in Fig. 22(a) &2 were broadened and barely
shown, they had higher photon counts than the sporaing photon counts in the
spectrum of pure water phantom (solid green trie;@i Fig. 22(c)). The X-rays of
81 keV generated large Compton background countiseirange of K-shell XRF
energies, while the X-rays of 95 keV had the lowsstkground counts among the
three incident X-rays. In Fig. 22(c), the energndaw of A was used to acquire
images for 1 keV-energy resolved detector, whiégeghergy window of B for 18.6%
FWHM-treated detector. Fig. 23 illustrates Compsoattered photon count maps
and 2D pinhole K-shell XRF images of Au. In Fig(@8 there was a region of very
strong Compton scattered photons. In addition, ¢waxind photon counts generated
from 81 keV X-rays was about 6 to 1lines higher than those from 95 keV and
filtered 140 kVp. The white arrows in Fig. 23(ellicated the Compton-scattered

noise caused by those strong background phototterszhby 81 keV X-rays.
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Fig. 22. Energy spectra of K-shell XRF and Compton scattgteotons from 0.09
wt% of Au column; (a) energy spectra of 40 to 90 keV, (b) energy spectra of 64 to
74 keV focusing on the range of K-shell XRF eneemyd (c) energy spectra of 64 to

74 keV in range of photon counts under 600.
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Compton background from K-shell XRF images
pure water phantom of Gold

81 keV
(1 keV bin)

0 0
y (cm) y (cm)

95 keV -~
(1 keV bin) 8o
0 .5 -2.3 0
y (cm) y (cm)

Filtered
140-kVp 2
(1 keV bin) 20

0
y (cm)

0
y (cm)

Filtered
140-kVp
(18.6%FWHM) 3

0 .5 2.5 0
y (cm) y (cm)

Fig. 23.Images of (a)-(c) with X-ray energies: Comptonkgmound photon counts
from pure water phantom. Images of (e)-(g) withay-energies: Pinhole K-shell
XRF images of four gold columns. Images of (d) ahdl showed Compton
backscattered photons and pinhole XRF photons 6fkiMp degraded by 18.6%
FWHM. A fan-beam of X-rays was incident on the ptioam from the left side of
each image. Au-columns of 0.01 wt%, 0.03 wt%, 0M@% and 0.09 wt% were
shown in in bottom, right, left and top, respediv&he white arrows in (e) showed

the background noise signals due to a large anad@wmpton background photons.
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All three incident X-rays showed good linear relaships (R > 0.9162)
between the integrated XRF signals and the coretéts of Au (Fig. 24(a)). As
XRF signals were degraded by 18.6% FWHM, the lilgavas also decreased,
having R of 0.92. The image quality of filtered 140 kVp bkeV-energy resolved
detector seemed to be in the similar level withk8Y¥ images. All the CNRs of 81
keV image were the much lower than those of 95 ke&ges because Compton-
scattered photons spoiled the image quality irbdekground region. 95 keV X-rays
could avoid direct Compton scattered photons dtttiesr images showed the lowest
level of background photons and the highest CNR& TNRs of 0.01 wt% Au
columns were 1.7 and 6.4 in 81 keV and 95 keV imagespectively (Fig. 24(b)).
For 140 kVp X-rays, according to Rose criteriorfCOR, the lowest distinguishable
concentrations were 0.01 wt% in 1 keV-resolutiomg®s and 0.03 wt% in 18.6%

FWHM images (Fig. 24(b)).
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Fig. 24. (a) Linear relationship between gold concentratiand integrated XRF
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spectra.
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[11.1.3 Radiation Dose

The imaging doses of the pinhole XRF imaging syssesrsummarized in Table
4. These radiation doses were calculated for 10" histories of incident X-rays,
which was also the number of histories to acquirtha images shown before. The
radiation doses with metal elements in the phantene a little higher (by 0.1 mGy)
than those of pure water phantom. The total imagoges could be the sum of these
two components, when additional information on lggiokind photon counts was
necessary. Thus, XRF imaging of polychromatic Xsregquired 19.9 mGy for Gd
and 26.1 mGy for Au. In the experiment, imagingdidepends on the X-ray tube

voltage and current, and the source-to-phantorardist

Table 4.1maging dose for pinhole XRF imaging calculatedWw® simulations.

Average dose (mGy)

Incident X-rays Gd/Au NPs loaded
Pure water Sum

water phantom
51 keV 10.1 10.2 20.3
60 keV 9.5 9.6 19.1
110 kVp 9.9 10.0 19.9
81 keV 10.6 10.7 21.3
95 keV 12.2 123 24.5
140 kVp 13.0 13.1 26.1
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[11.2. Development of Pinhole XRF Imaging System
l11.2.1 Pinhole K-shell XRF Imaging System

m.2.1.1 Energy Calibration and Measurement of Field Size

The energy spectra of Am-241, Ba-133, Cd-109 andTare shown in Fig.
25(a) and 25(b). Five discrete phaiaks; 59.5 keV, 81.0 keV, 88.0 keV, 122 keV
and 276 keV from Am-241, Ba-133, Cd-109, from Ccabd Ba-133 were measured.
A linear relationship between the channel numbertae energy was described in
Fig. 25(c). The linear regression curve had a stdf@e8095 and an y-intercept of -
12.223, having R> 0.99. One channel corresponded to 1.8095 keV hmed t
minimum detectable energy was about 35 keV, whiamaximum energy was about
285 keV.

Fig. 26 shows the irradiated XR-RV3 film and measuprofiles of fan-beam
X-rays. The pixel values were normalized to thet@@rposition of the film. The

beam width in x-direction was measured to be 2.2asrehown in Fig. 26(c).
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Fig. 25.(a) Measured photon spectra of Am-241, Ba-1331Q@and Co-57 and (b)
its magnified image showing channel from 20 to(8)The linear regression fitting

curve between channel and energy.
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Fig. 26. (a) measured radiation field, (b) beam profile of y-direction and (c) x-direction. The XR-RV3 film was scanned by

Epson 11000 XL and the profiles were analyzed by Verisoft 3.1 (PTW, Germany).



.2.1.2 Raw K-shell XRF Signal

Fig. 27 illustrates the energy spectra of a ceminadl of the CZT gamma
camera which measured K-shell XRF photons and Camgtattered photons from
GNP-loaded PMMA phantom with various concentratifimsl minute. The XRF of
K. andK,, are shown to be a single peak due to their closegees and the low
energy resolution of the CZT gamma camera. Higbecentration of GNPs emitted
higher number of K-shell XRF photons. The highestkpwas observed at 67.4—69.2

keV energy bin which corresponds to the energy.ofi.e., 69.04 keV).

225
L —a— 2 wt%
200 - —o— 1 wt%
I —&— 0.5 wt%
175 | —v—0.25 wt%
I —<—0.125 wt%
— L _— —>— 0 wt%
S 125}
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Fig. 27.Energy spectra of K-shell XRF and Compton scadt@teotons from 0 wt%
to 2 wt% GNP columns at the central pixel of CZThgaa camera.
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Fig. 28 shows the pixel coordinates of the CZT gamma camera. Particularly, the

measured photon spectra of the pixels in the red boxes were shown in detail (Fig.

29). Although Cd-109 source emitted monochromatic 88 keV gammas only, the

photo-peaks were observed at various channels ranged from 52 to 61 (Fig. 29).

Therefore, the pixel-by-pixel difference in channel-to-energy conversion should be

taken into account.

(0,0) {(1,0) | (2,0) S SRR SR > (30,0) |(31,0)
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Fig. 28. Schematic description of pixel coordinates of CZT gamma camera. The

measured spectra of pixels irradiated by Cd-109 source in two red boxes (i.e., (m, 8)

and (15, n)) were shown in Fig. 29.
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Fig. 29. The measured spectra of pixels irradiated by Cd-109 source in two red boxes (i.e., (m, 8) and (15, n)) were shown.

Although Cd-109 emitted 88 keV gammas, the peak channels ranged from 52 to 61.



The subtraction of photon counts among the measiatedfrom three different
days is illustrated in Fig. 30. Black arrows indecthe abnormal pixels whosg is
greater than 3.408 (i.e., Chauvenet’s criterioig. 80(d-f) shows the distribution of
differences in photon counts. Although the averdifferences were different, the
distributions were observed to follow a normal mlsition. Four abnormal pixels

had large differences in the counts than the others
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Fig. 30.(a) Subtraction of photon counts between measta¢al at (24-Sep-2018)
and at (24-Oct-2018). (b) Subtraction of photonnteltbetween measured data at
(24-Oct-2018) and at (29-Oct-2018). (c) Subtract@nphoton counts between
measured data at (24-Sep-2018) and at (29-Oct-20d-8) Four abnormal pixels

were observed in histograms for (a), (b) and (¢hwie bin size of 10 counts.
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1.2.1.3 Correction Factors

Fig. 31 describes a map of detected photon cowttigtory from the MC
simulation to calculate sensitivity correction farst The central pixels had higher
photon counts than the peripheral pixels. The niggwositivity correction factors is
shown in Fig. 31(b). The sensitivity correction ttas greater than 1.25 were

determined to be out of FOV.

%108

==

Fig. 31. (a) MC simulation result of detected XRF-like ptnad by CZT gamma
camera and (b) sensitivity correction factors. 8ty correction factors greater

than 1.25 were assumed to be zero.
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A map of measured photon counts from Cd-109 rasiitepe is illustrated in
Fig. 32. Four pixels had over than four times higtaunts than the lowest counts.
The pixels near the cross-line and in-line pas#iegcenter of CZT gamma camera
showed lowest photon counts. When the maximum safrthe window level were
adjusted to 6000, the regions of lower photon coarg shown more apparently (Fig.
32(b)). The pixel-by-pixel non-uniformity correcticfactors were highest for the
pixels near the cross-line and the in-line. Thdarmity factors ranged from 1 to

4.24 (Fig. 32(c)).
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.2.1.4 K-shell XRF Image

The effective pinhole diameters were 2.07 mm af8 thm forRes g andResr
The geometric efficiency depends on the angleThe geometric efficiency was
2.30x 10* for the minimum angle (i.e., 0°) and 1.84.0* for the maximum angle
(i.e., 18.4°). The collimator and intrinsic resadums were 4.10 mm and 1.60 mm,
respectively. The imaging system had the systepiutsn of 4.40 mm.

The K-shell XRF images multiplied by thex33 Gaussian filter of 0.125 wt%
GNP column-loaded phantom with respect to totagenacquisition time are shown
in Fig. 33(a)-(e). Fig. 33(f) indicates the CNRsX@#F images with respect to total
irradiation time. The mean CNR of 0.125 wt% GNPs ®a4-3.6 for total imaging
time of 2 min (pre-scanning of 1min and post-scagrof 1 min). Since 1 min of
irradiation for each scan had the CNRs fairly higian Rose criterion (i.e., CNR
= 4), the irradiation time for each scan was deteechito be 1 min.

Fig. 34 illustrates the K-shell XRF images and @¢Rs of 0.125 wt% to 2.0
wt% GNP-loaded PMMA phantom generated by the dsabtraction method (pre-
scanning of 1 min and post-scanning of 1 min). ¢beected K-shell XRF counts
in the ROIs increased as the concentration of GiN&tgased. Fig. 35 shows the
linear relationship between the GNP concentratsorsthe mean count number per
pixel in the ROIs for each GNP concentration. Thierebars are standard deviations
of those mean count number per pixel in the RQImften measurements at 95%
Cl. The mean count number per pixel and the GNRautnations showed a good

linear relationship (R=0.9993).
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Fig. 33. XRF images of 0.125 wt% GNP column loaded-phantdgth respect to
total imaging time for (a) 1 min, (b) 2 min, (cyvin, (d) 6 min and (e) 10 min. (f)
Contrast to noise ratio (CNR) of XRF images for28.ivt% GNP column loaded-
phantom with respect to total imaging time. The saeements were conducted for

five times in each imaging time.
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0.5 wt%, 1.0 wt% and 2 wt% GNP columns. The tataging time was 2 min for

each GNP column.

83



1400

R2=0.9993 .*
1200 L >
3 1000 | -
o) i e
o 2
s 800 |- 7
0 //
£ =
2 600} -
= 2
3 5@
g 400 /I/
S I 5
= 200} _*
K X
O 1 | N 1 " 1 1 1
0.0 05 1.0 15 2.0

GNP concentration (wt%)

Fig. 35. A linear relationship between GNP concentrationd ghe mean count
number per pixel in the ROIs measured by the CZfirga camera. Dashed line
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Ill. 2.2 K-shell XRF Detection System

Fig. 36(a) shows full energy spectra measured byQtiTe detector. The K-
shell XRF detection system measured 0.0 wt%, Ovlt2s, 0.25 wt%, 0.5 wt%, 1.0
wit%, 2.0 wt% GNPs. Three K-shell XRF peaks weresoked at the energies of 67.2
keV (K.2), 69.0 keV K,1), and 78.2 keVKg1). Since, the most dominant two peaks
were 67.2 keV and 69.0 keV, K-shell XRF counts warquired from these peaks.
Fig. 36(b) shows the energy spectra of 64 keV t&é\2 focusing on the range of
interested energy window. One channel correspotmathout 0.15 keV. Since the
Compton scattered photons from 0.0 wt% GNP-loadeahfpm showed almost
linear curve with some fluctuations between 62 keV72 keV (Fig. 36(b)), it was
reasonable to make the artificial Compton backgdocounts (triangles in Fig. 37)
under K-shell XRF counts by using a linear integpioh. Fig. 38 shows the linear
relationship between the corrected K-shell XRF ¢summeasured by using the CdTe
detector and the GNP concentrations. The errordrarstandard deviations of those
corrected K-shell XRF counts from ten measureman&s% CI. The corrected K-
shell XRF counts and the GNP concentration showewa linear relationship

(R?=0.9933).
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Fig. 36.Energy spectra of K-shell XRF photons and Comptaitered photon from

GNPs of 0 wt%2.0 wt%; (a) energy spectra of 30 to 120 keV, (b) energy spectra of

62 to 72 keV focusing on the range of K-shell XRiemgy..
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[11.2.3 L-shell XRF Detection System

Fig. 39(a) shows full energy spectra from the LHSK&®F measurement of
GNPs of which the mass of GNPs was from 2184300 pg when the GNP with
DI water was 30 mg (0.0078 wt%—1.0 wt%). Three EklsIXRF peaks were
observed at the energies of 9.71 ké&Wi), 11.48 keV [;41), and 13.42 keVL(a).
Since, the most dominant two peaks were 9.71 ka¥/1dn48 keV, L-shell XRF
counts were acquired from these peaks. Fig. 3%(@yvs the energy spectra of 5.0
keV to 15.0 keV focusing on the range of interestrdrgy window. One channel
corresponded to about 0.0244 keV. Since L-shell R6tons emitted from high
concentrations of GNPs suffered self-absorptioth&n samples, the measured L-
shell XRF photons along the concentrations of GWBse assumed to follow an
exponential function (i.e., R0.9917) rather than a linear function. Fig. 40veo
the exponential relationship between the L-shelP>Xdgunts measured by using the
SDD and the mass of GNP. The L-shell XRF countsthednass of GNP showed a

good exponential relationship 3R0.9917).
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1.3 Invivo Study in Mice

I11.3.1 Invivo K-shell XRF Image

Fig. 41 shows the measured spectra of K-shell XRiF @ompton scattered
photons from the right kidney of mouse no.1 (M1)r&t-injection, and post-injection
at T =0, 30, 60 min. When compared with the meaksgpectrum at pre-injection,
clear Au K, XRF peaks within the energy window (vertical dakliees in Fig. 41)
were observed in those spectra measured postiojedthe rawK, XRF counts
were obtained by subtracting the photon countsredirgection from the photon
counts at post-injections within the energy winddwese rawK, XRF counts
were then treated for the attenuation, the seitgijtithe pixel-by-pixel non-
uniformity corrections, and the>33 Gaussian filter.

Fig. 42 shows the K-shell XRF images of M1 at pojgtction T = 0, 10, 30 and
60 min and K-shell XRF images fused with the Comgoattered photon image.
The image of the Compton scattered photons cou&hat provide a structure of the
surface of the mice body. At T = 0 min, the maximemncentration of GNPs in the
right kidney of M1 was observed. After T = 10 mime tGNPs in the right kidney of
M1 were excreted and a pair of kidneys was showherK-shell XRF images. Fig
43 shows the XRF images of mouse no.2 (M2) and mpas3 (M3) at post injection
T = 0 min and Compton/XRF fusion images. The rigkihkys were observed in
both XRF images. Although two more slices in theesior direction for each mouse
were scanned, the left kidneys were not observied.ldft kidney might be located

in different slices in the inferior direction. THeshell XRF images generated by the
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2D CNN that did not require the pre-scanning ofrthiee were shown in Fig. 42 and

Fig. 43 for the three mice.
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Fig. 41.Measured spectra of K-shell XRF of GNPs and Comptmttered photons
from a right kidney of mouse 1 (M1) at pre-injecti@pre), post-injection T = 0 min

(TO), post-injection T = 30 min (T30) and post-irtjen T = 60 min (T60).
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Direct subtraction method 2D CNN
XRF Compton/XRF fusion Compton/XRF fusion

Left kidney
Right\kidney /

Fig. 42.Left two columns show XRF images of kidneys of neone. 1 (M1) at post-
injection T =0, 10, 30, 60 min processed by a disabtraction method and the XRF
images fused with Compton scattered images acqairgue-injection. Right two
columns show XRF images obtained by a 2D CNN aadXiRF images fused with
Compton scattered images. The white solid arrodEate the location of kidneys.
The white dashed arrows indicate the differencERIF images between the direct

subtraction method and the 2D CNN.
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Fig. 43.Left two columns show XRF images of kidneys of nous. 2 (M2, top)
and mouse no. 3 (M3, bottom) at post-injection T=@ wbtained by the direct
subtraction method and the XRF images fused witm@on scattered images
acquired at pre-injection. Right two columns shoRFEXimages of kidneys of M2
(top) and M3 (bottom) at post-injection T = 0 mintaibed by a 2D CNN and the
XRF images fused with Compton scattered imagesiemjat pre-injectionThe
white solid arrow indicates the location of theriégs. The white dashed arrows
indicate the difference of XRF images between thextisubtraction method and the

2D CNN.



[11.3.2 Quantification of GNPs in Living Mice

The CdTe detector and the parallel hole collimatere translated to target the
right kidneys of the three mice at T = 10 min andtph spectra were measured by
the CdTe detector (Fig. 44(a)). The attenuatiomembions for the incident X-rays
and the XRF photons were took into account. Sineestwas no information for the
attenuation coefficient of the material along theaim path inside the mice, the
attenuation coefficient of mice was assumed tdbesaime as the water. In addition,
the nose cone factors were multiplied by the aladtenuation corrections. The nose
cone factors for M1, M2 and M3 were 1.67, 1.43, 44, respectively. The
clearance data of GNPs in the right kidneys from tifree miceN = 3) were
obtained over a 60 min period (Fig. 45). The cotregion of GNPs at T = 60 min
was decreased by half from the concentration aDThin. This tendency of GNPs
in the kidneys to reduce in concentration with @&ging T was comparable with the
results from previous studi€3he measured concentrations by the K-shell detecti
system with the CdTe detector were 0.24 wt%-0.4% Vawer than those measured
by the CZT gamma camera.

Fig. 44(b) shows the measured spectra of the U-stRF of GNPs in the
excised organs from the euthanized M3 and K-shiBlF hotons from the head of
the detector. In comparison with the measured spdrtm the blood, liver and

spleen, higher photon counts of Ay and Lz XRF peaks were observed in the

spectra measured from a pair of kidneys. The madfs&dIPs in tissue samples of

the three mice were estimated by the calibratiorvecitshown in Fig. 40. The
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concentrations of GNPs were then calculated byditigi the measured masses of
the tissue samples. Fig. 46 illustrates the GNRewotnations in the organs harvested
from the euthanized miceN(= 3). The Pearson correlation coefficientfor the
fifteen excised organs was 0.9178. The concentratineasured by the L-shell
detection system were compared withvivo measurements and validated with the
concentrations measured by ICP-AES. The differéam@NP concentrations in both
kidneys measured by the L-shell XRF detection systad ICP-AES was 0.05-0.08

wt%o.
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[11.3.3 Dose Measurement

The radiation doses to the skin of the three mieagured by TLDs are listed
in Table 5. The delivered dose was 107 mGy duhiegatquisition of one slice image
acquired by using the direct subtraction methaa,(ihe sum of pre-scanning 1 min
and post-scanning 1 min), while the dose for oite $inage was reduced to 53 mGy
by using the 2D CNN. Using the developed systemtatal dose during the fut

vivoimaging period was expected to be about 1120 mGy.

Table 5. Skin dose measured by TLDs farvivo study in mice.

Mouse Total dose (mGy)  Dose/image slice (mGy) Dose/image slice (mGy)
(by direct subtraction) (by 2D CNN)
1 1075 102 51
2 1120 107 53
3 1166 111 56
Average 1120+37 1074 5342
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CHAPTER IV. DISCUSSION

IV.1 Monte Carlo Model

The suggested MC model of the pinhole K-shell XRfaging using
polychromatic X-rays and 2D array of position-séwsi detectors appears to be
feasible forin vivoimaging and quantification of GANP- or GNP columwithin a
small-animal-sized phantom. The filtered 110 kVp 440 kVp could detect GANP
and GNP columns, respectively, as low as 0.01 witénithe detector could resolve
photon counts by 1 keV. The developed model coelguize 2D XRF images
directly from only one fan-beam irradiation withcany further process of beam
scanning or rotation of phantoms.

Although 51 and 81 keV X-rays are closeKgige energies of Gd and Au,
respectively, the resulting images obtained byr@D3b keV beams showed superior
image quality. The lower image quality of lower eneX-rays was caused by the
statistical noise from subtraction of Compton sratbackground, which was
sometimes larger than the signals of XRRIthough their integrated XRF counts
were less than the monochromic X-rays, the proppségchromatic X-rays could
generate recognizable K-shell XRF images even fot &Wt% GdNPs and GNPs.
For Au imaging, the filtered 140 kVp, which had aan energy of 97.5 keV, showed
always better image quality in terms of CNR valtem 81 keV X-rays.

In the MC simulation, the images were degradechbymeasured %FWHM at

59.5 keV. After the degradation, the mean pixelugal in ROIs and standard
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deviations in the defined background region wedrced, while the mean pixel
values in background region stayed similar as leeféor Au imaging, CNR values
of degraded images were always lower than thodekelV-resolution detector due
to much decreased mean pixel values in ROIs, sahtbaAu column of 0.01 wt%
could not be distinguished from the background. ey, even though the blurs of
Gd images were increased, CNRs of degraded images similar or higher than
those of 1 keV resolution detector. This was causednuch decreased standard
deviations in the background region. The dose 1éve&0 mGy) predicted by MC
simulations of the imaging system was much less ittnaging doses (a few hundred

mGy) delivered by XFCT and micro-CT scanning of Braaimals?”"
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IV.2 Development of Pinhole K-shell XRF Imaging System

The developed pinhole K-shelin vivo XRF imaging system using
polychromatic X-rays and the CZT gamma camera \was/s to be a potentiah
vivoimaging modality for GNP injected into living micEhe imaging system could
detect GNP columns as low as 0.125 wt% in the ingaghantom. The imaging
system acquired 2D XRF images directly from pred past-scanning of fan-beam
irradiations without any further process of tratistaand rotation of objects. Hence,
a short image acquisition time (i.e., 2 min petalicould be achieved by using the
direct subtraction method while the image acquisitime was 1 min per slice by
using the 2D CNN.

Comparing with the parallel hole collimator XFCTstsm, the pinhole XRF
imaging suffers from low detection efficiency. Howvee, the pinhole system does
not need to translate and rotate the sample tdaracg@D slice image as the parallel-
hole system does. This system can offer magnifiegbes by simply adjusting the
object-to-pinhole and pinhole-to-detector distancka Riviere et al. also
demonstrated that the pinhole imaging system cdatdct more XRF photons per
unit time and the extended volume of phantom iatedi by incident X-rays
improved imaging speef3’ Therefore, these advantages could offset the low
detection efficiency of pinhole system. Furthermoiraplementation of multi-

pinhole collimation system may improve the imagspged and efficienc’.”?
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IV.2.1 Quantification of GNPs

The clearance data of kidneys were acquired frankKtdshell XRF images and
the K-shell XRF measurements. By measuring thedllstRF photons from the
excised organs, the L-shell XRF detection systemldc@stimate much lower
concentrations of GNPs than didvivo XRF imaging system and was validated by
ICP-AES. The L-shell XRF detection system is a destructive means of
guantification for GNPs in biological samples comgaato ICP-AES. In particular,
the GNP concentration of the right kidneys measbyad vivo K-shell XRF images
at T = 60 min after the injection was about 0.1B0v%% lower than those
concentrations analyzed bgx vivo measurements. This might be due to the
heterogeneous distribution of Au in kidney. In artteavoid such discrepancies, it
would be better to compare the concentrationsaridy homogenate samples. The
concentrations of GNP in kidneys with normal fuantidecayed exponentially as
presented by Xet al”® In fact, the concentrations in kidneys over 15 after the
injection could exhibit fluctuations and may digptaouse-to-mouse variatiofsln
order to investigate the transport of the GNP iinkiys more carefully, a higher
number of mouse to be imaged might be required.rélaionship between the L-
shell XRF counts and the GNP concentrations shoeldinear when the self-
absorption of L-shell XRF counts in the sampledgected. As reported by Ricketts
et al*®**®and Manohaet al,* the self-absorption in the sample could be coeabct
by dividing the measured L-shell XRF counts by @empton scattered photon

counts. In order to implement the scatter-correctiechnique, a parallel hole
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collimator is required to be additionally configdrinto the L-shell XRF detection
system in future work. On the other hand, the diffees between the measured
concentrations by the CZT gamma camera and theeK-gtection system with the
CdTe detector might be due to an imperfect attéonabrrection treated for the K-
shell XRF photons measured by the CdTe detectothifnstudy, the attenuation
corrections for bony structures (in the superiaection of mice) and the self-

absorption by GNPs were not considered.
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IV.2.2 Comparison between MC and Experimental Rests

Comparing the acquired the detection limit withthsults from the MC model,
the developed imaging system had about an ordendifmes higher detection limit.
This discrepancy might be due to the significaffedence in the object-to-detector
distances between the MC model and the developaging system. The MC model
assumed that the distance was 5 cm, while the digeélsystem had the distance of
15 cm. There existed a mechanical limitation of élkperimental setup due to the
size of stages where the phantom, the pinholexalbr and the CZT gamma camera
were put onln the MC model, the images were degraded by tresared %FWHM
of 59.5 keV photons. In fact, the radiation transpodes could not solely include
the physical degradations of the detector respeush as electron hole trapping,
non-uniformity and charge sharify’® Therefore, the %FWHM of CZT detector
was measured to overcome the limitation of the M@\ However, since the
measured %FWHM applied to the simulated spectrapiad-averaged, there is a
possible overestimation in the quality of the pssesl images. In addition, any
systematic errors could not be explicitly considere the MC study. In order to
reduce the inter-scanning systematic errors (ggsitioning, environmental
condition for CZT detector), the experimental seshpuld be coincident for both
pre- and post-scanning. Furthermore, the MC modeldcnot reflect the limited

count rate of the CZT gamma camera (i.e., X612 counts/sec for 1024 pixels).
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IV.2.3 Limitations

vV.2.3.1 Concentration

The concentrations of GNPs accumulated in the @rgantumors in mice
depend on the injected dose of GNPs, characteristiGNPs (e.qg., size, shape, and
surface-coating). This is particularly true, in theevious studies conducted by
Hainfeld et al® and Manohaet al,?” that used the same 1.9 nm diameter GNPs
without surface-coating (i.e., passive targetirgused in the current study, where
40-54 mg of GNPs had been injected into the mibe doncentrations of GNPs in
tumors were measured to be higher than 0.2 wt9hoditjh, such an injected dose
is still acceptable in terms of lsp(i.e., 2.7 g Au/kg), the injected dose in the
aforementioned studies was much higher than the @lstypicalin vivo studies
using GNP$:24?" In order to use this XRF imaging technique as eclprical
molecular imaging modality, the XRF imaging systamould be improved to detect
the GNP concentrations as low as an order of 0nd@4d (i.e., a few ppm levef). 4
The detectable concentration is dependent on th®rpence (i.e., the energy
resolution and maximum count rate) of a detectoithk early MC studies, it was
assumed that the pixelated detectors have the pamfigrmance in terms of the
energy resolution and maximum count rate as daitigge-pixel detectors (e.g., X-
123 CdTe or HPGe detectdr)’® However, by overlooking an electronic noise, a
charge sharing effect and a hole-tailing effechsth MC studies might have
overestimated the image quality and detection lifilerefore, some research

groups have tried to develop pixelated detectovenaa superior energy resolution
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and maximum count rate to enhance the detectiahdinXFCT.”® There have been
other technical efforts to improve the energy nesoh of pixelated semiconductor
detectors?® Such detectors have been manufactured by seesednch groups for
the purpose of detecting gamma rays in the sffaghile those detectors have not
been used for medical imaging purpose yet. On therdand, the characteristics
(i.e., spectrum and intensity) of incident X-rays@lso affect the detection limit
significantly. Quasi-monochromatic X-ray spectrahasufficient intensity can be
obtained by adopting a carbon nantobue X-ray soarcan X-ray source using
highly oriented pyrolytic graphit®. The implementation of such X-ray sources can
improve the detection limit by increasing the XRtofon counts and decreasing the

Compton scattered photons.
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IvV.2.3.2 System Resolution

The current imaging system using the commercial @amma camera has
limitations in terms of the system resolution (ethe pixel size and the pinhole
diameter) and the energy resolution. For the inginsmall animals, the system
resolution of 4.40 mm was quite large for the ssfd¢he small organs. Hence, a
magnification of the image by adjusting the disembetween the beam plane-to-
pinhole and pinhole-to-CZT gamma camera could sidered in future studies.
For example, within a space available in the cursystem (i.e., 15 cm), the
magnification factor can be increased by 2 wherdib&ances of the beam plane-to-
pinhole and of the pinhole-to-CZT gamma camerdban® and 10 cm, respectively.
According the theoretical equations (3)—(5) to gkite the system resolution, the
increased magnification factor might improve thetegn resolution, i.e., from 4.4
mm to 3.4 mm. Furthermore, the use of a detecttr svhaller pixels and the use of
a smaller pinhole can be pursued to enhance thersyesolution. With a pinhole
of 1 mm diameter, a 2.6 mm system resolution caacbé&vable. However, such an
implementation will require increasing imaging tiaewell as an increased imaging

dose.
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IvV.2.3.3 Radiation Dose

The skin dose (53 mGy by using the 2D CNN, andri@¥ by using the direct
subtraction method) during the image acquisitiandioe slice of a 2D image was
similar to the imaging dose delivered by micro-@&wW 100 mG¥* and 260 mG¥f).
On the other hand, it was much lower than the inggioses (610 m@Yand 743
mGy?) delivered by the XFCT systems used for the reicevivo studies. However,
the comparison was conducted between the systediffeaent system resolutions
and slice thickness. Particularly, the system rggmi of XFCT system developed
by Cho’s research group could be varied with défférstep sizes and projection
angles for data acquisitiAThe system resolution of their system might hasenb
above 2.5 mm, considering the diameter of the |gtable of their collimator (i.e.,
2.5 mm diameter)’ However, this dose level may induce deterministfects that
could confound the biological outcome of the expernt with small animals.

Therefore, the dose level should be reduced as amipiossible in future work.
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IV.2.4 Application of CNN

The 2D CNN was applied to generate the K-shell XR&ges from the post-
scanning irradiation without pre-scanning. The 2DINC could estimate the
biodistributions of Au in living mice exposed to @bl Particularly, the model
showed an excellent performance for the K-shell XiR&ges of the kidneys in M2
and M3. This application reduced the scan timetaedmaging dose by half from
the direct subtraction method. Furthermore, restmgi the mice during the full
imaging time is not necessary so that dynamigivo XRF images can obtained
without the time limitation of anesthesia. Hend® imaging system could acquire
the biodistributions of GNPs at one day, one mamtbven longer period after the
injection of GNPs. The imaging phantom used fontieasurements had only single
GNP column inserted in the phantom. The limitedfigumations of the shape of
input and target images for the training datasghintause the discrepancies of the
concentrations in the kidneys as well as aroundkidheeys for M1 (Fig. 42). Unlike
the single GNP column-loaded imaging phantom, GN&= accumulated in a pair
of kidneys within a close distance which resultadan underestimation of the
concentrations in both kidneys.iff vivo XRF images could be fed into the training
dataset, more similarities between two methods béllachieved. Otherwise, new
complex imaging phantoms mimicking GNP distribusoaf mice (e.g., GNP
columns more than two with close distances) coaldded to produce more realistic
in vivo circumstance in the mice. In order to obtain 30ormation of

biodistributions of GNPs by stacking 2D XRF imadester image acquisition time
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rather than 1 min will be required. Further invgation is required with a reduced
image acquisition time, as the 2D CNN model shbeldipdated with a new training

dataset using the reduced irradiation time.
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IV.2.5 Future Work

Since a CT scan was not available in this studgtamical information was not
available. With the animal CT images, more accuedtenuation corrections for
incident X-rays and XRF photons could be appliedgtimate the biodistributions
of GNP. Further, the XRF image fused with the CTages would be useful in
preclinical practices. Other metal nanoparticlabeathan GNP can be used as an
agent for the XRF imaging system. Since the minintatectable energy for CZT
gamma camera utilized in the current system iske3f the K-shell XRF photons
from the MNP whose Z is greater than 63 (i.e., k&\ for Eu) is measurable. Thus,
the XRF imaging system can be used to obtain thé KkRages of multi-element
MNPs injected into small animals in future studi®sice the imaging system was
modeled and built by benchmarking the conventigivthole SPECT system which
detects much higher energy photons than K-shell KR¥ons, further investigation
in processing the XRF signals and optimizing theteasy design such as collimator
design, X-ray filter, and tube potential is needeadreducing the dose level and

improving the image quality as much as possible.
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CHAPTER V. CONCLUSIONS

A pinhole K-shell XRF imaging system based on treppsed MC model, a K-
shell XRF detection system, and an L-sh&ll vivo XRF detection system were
successfully developed. The biodistribution of GNiiPsnice measured by pinhole
in vivo K-shell XRF imaging system, K-shell XRF detectgystem anex vivolL-
shell XRF detection system was cross-compared ahdated by ICP-AES. Using
a 2D CZT gamma camera, dynanmicvivo K-shell XRF images were acquired and
the image acquisition time was dramatically reduoetimin per slice. If the system
is combined with a CT scanner, it will provide grgatomical information as well as
the molecular information. This was the first intigation of dynamidn vivo XRF
imaging of Au in living mice exposed to GNPs. Tlystem could provide potential
in vivo molecular imaging modality for MNPs to emerge aadiosensitizer and a

drug-delivery agent.
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