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ABSTRACT In this work, we integrated a commercially-available fully-spectroscopic pixelated cadmium
telluride (CdTe) detector system as a two-dimensional (2D) array detector into our existing benchtop cone-
beam x-ray fluorescence computed tomography (XFCT) system. After integrating this detector, known
as High-Energy X-ray Imaging Technology (HEXITEC), we performed quantitative imaging of gold
nanoparticle (GNP) distribution in a small animal-sized phantom using our benchtop XFCT system. Owing to
the upgraded detector component within our benchtop XFCT system, we were able to conduct this phantom
imaging in an unprecedented manner by volumetric XFCT scans followed by XFCT image reconstruction
in 3D. The current results showed that adoption of HEXITEC, in conjunction with a custom-made parallel-
hole collimator, drastically reduced the XFCT scan time/dose. Compared with the previous work performed
with our original benchtop XFCT system adopting a single crystal CdTe detector, the currently observed
reduction was up to a factor of 5, while achieving comparable GNP detection limit under similar experimental
conditions. Overall, we demonstrated, for the first time to the best our knowledge, the feasibility of benchtop
XFCT imaging of small animal-sized objects containing biologically relevant GNP concentrations (on the
order of 0.1 mg Au/cm? or 100 parts-per-million/ppm), with the scan time (on the order of 1 minute)/
x-ray dose (on the order of 10 cGy) that are likely meeting the minimum requirements for routine preclinical
imaging applications.

INDEX TERMS X-ray fluorescence, X-ray fluorescence computed tomography, CdTe detector, HEXITEC,
gold nanoparticle, quantitative imaging.

I. INTRODUCTION

X-ray fluorescence (XRF) computed tomography (XFCT)
is a powerful spectroscopic quantitative imaging technique,
traditionally implemented with monochromatic synchrotron
sources [1], [2], [3], [4]. Over the last decade, there has
been a growing interest in implementing XFCT with ordinary
polychromatic sources on a benchtop setting, as benchtop
XFCT, resulting from such an implementation, may allow
for quantitative imaging of metal-based nanoparticles such
as gold nanoparticles (GNPs) during preclinical investiga-
tions of various diagnostic/therapeutic applications of such
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nanoparticles [5], [6], [7]. Typical experimental benchtop
XFCT setups are consisted of polychromatic x-ray sources
configured to offer various incident (cone-, pencil-, and
sheet-) beam geometries as well as x-ray detectors coupled
with parallel-hole, pinhole, and multi-pinhole collimators [8],
[9], [10], [11], [12]. Early benchtop XFCT setups often
adopted an energy-resolving single-crystal (or single-pixel)
solid state (e.g., cadmium telluride) detector that needed to
be translated (horizontally or vertically) with respect to the
imaging object or vice versa to acquire the full projection data
set. Although generally well suited for benchtop XFCT, such
a detector, regardless of the incident beam geometry, requires
along scanning time due to the hardware translation. Depend-
ing on the incident beam geometry, the detector translation
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also imposes a large imaging dose on the object. One way to
overcome these difficulties is to use an array of single crystal
detectors or a pixelated detector.

In recent years, there have been some reports of using pix-
elated photon counting detectors for benchtop XFCT or XRF
mapping, especially in conjunction with pin-hole collimators
under the fan/sheet-beam geometry [12], [13], [14]. While
somewhat successful in addressing the difficulties mentioned
above, the investigations conducted with such detectors also
revealed other types of challenges, most notably the reduced
system sensitivity (or material detection limit), compared
with the use of a single crystal detector. In benchtop XFCT,
the system sensitivity is closely related with the detector
energy resolution because XRF signals must be extracted
from the measured photon spectra that contain both XRF
peaks and the Compton scatter background. In general, the
photon spectra acquired with high energy resolution can
facilitate the extraction of XRF signals. Thus, pixelated
detectors providing high energy resolution/full spectrum are
preferred over those providing relatively low energy reso-
lution/limited energy bins. As pointed out elsewhere [15],
however, it remains to be seen whether or not high energy
resolution pixelated detectors can help avoid or mitigate the
issues noted with relatively low energy resolution pixelated
detectors, especially under the typical operating conditions
of benchtop XFCT.

To investigate the possibility of adopting a high energy
resolution pixelated detector for benchtop XFCT, we con-
ducted an experimental study [16] where the characteristics
of a commercially available pixelated cadmium telluride
(CdTe) detector system, known as HEXITEC (High-Energy
X-ray Imaging Technology) [17], [18], were determined
using our experimental benchtop cone-beam XFCT system
and GNP-loaded phantoms. Specifically, we determined the
energy resolution of HEXITEC (~1 keV, FWHM-full width
at half maximum) around two gold Ko XRF peaks (~68 keV)
and found a charge-sharing discrimination algorithm was the
most effective, in terms of improving the energy resolution
of acquired photon spectra. In addition, we developed what
we termed as a pixel-by-pixel spectrum merging algorithm,
which can allow for acquisition of statistically stable photon
spectra (in conjunction with parallel-hole detector collima-
tors) under the typical operating conditions of benchtop
XFCT.

Upon completion of the detector characterization study
described above, we proceeded to fully deploy HEXITEC
(coupled with a custom-made 2D collimator) into our experi-
mental benchtop XFCT system. Our primary aim for the cur-
rent study was then to demonstrate the ultimate feasibility of
performing benchtop XFCT of animal-sized objects contain-
ing GNP-loaded inserts using the revamped benchtop XFCT
system. Especially, we focused on investigating this feasibil-
ity, while meeting the imaging dose (e.g., <~40 cGy) and
scan time (e.g., <~1 hour) constraints that would be accept-
able for preclinical imaging [9], [15]. We also showed an
immediate consequence of parallel spectral data acquisition
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using a 2D pixelated detector - simultaneous XFCT imaging
of multiple axial slices of the imaging object. To the best
of our knowledge, the current investigation was the first
successful experimental work that addressed all these aspects
together, highlighting the feasibility for routine applications.
Here we present the details of our work, along with some
discussion regarding the remaining challenges for building a
practical benchtop XFCT system.

Il. METHODS

A. GNP SOLUTIONS AND IMAGING PHANTOMS

Various concentrations of GNP solutions (0.03-1.0 mg
Au/cm®) were made by a sequential dilution method from
a commercially available stock solution (40 mg Au/cm?,
AuroVist 15 nm by Nanoprobes Inc, Yaphank, NY, USA)
combined with phosphate-buffered saline.

Two types of phantoms were used to suspend GNP solu-
tions during the irradiation: one was for calibration, consist-
ing of 12-mm-diameter plastic tubes filled with selected GNP
concentrations for determining the lowest detectable GNP
concentration with the current benchtop XFCT system. The
other was for imaging, consisting of a 3-cm-diameter and
3-cm-high polymethyl methacrylate (PMMA)-made cylin-
der with three GNP-loaded cylindrical holes (6 mm diame-
ter/15 mm depth each), which was also used in our previous
studies [9], [11], [19]. Each hole of the imaging phantom was
filled with 0.1, 0.3, and 0.5 mg Au/cm3 GNP solution.

B. EXPERIMENTAL BENCHTOP XFCT SYSTEM

The latest version of our experimental benchtop cone-beam
XFCT system is shown in Fig. 1. The irradiation component
of the system consists of an industrial high-power tungsten
target x-ray source (COMET MXR-160/22) that operates at
125 kVp and 24 mA with a 5-mm focal spot size, coupled
to a cone-beam collimator (made of 5-cm-thick lead) with a
1-cm-diameter inlet and 2-cm-diameter outlet. The collimator
outlet was fused to a 1.8-mm tin filter to harden the incident
x-ray spectrum for optimal production of gold K-shell XRF
photons from GNPs [9]. The irradiation component pro-
duces a ~3-cm-diameter cone-beam at the imaging isocenter,
located at 15 cm from the x-ray source.

A rotational stage (PRMTZ8 ThorLabs, Inc., Newton, NJ,
USA) in the system supports the phantoms. It remains sta-
tionary during the calibration mode but allows for the rotation
of the phantom during the imaging mode. The center of the
rotational stage is the isocenter of the imaging system.

The XRF detection component of the system consists of
HEXITEC housed inside the shielded chamber and coupled
with the detector collimator at 90° with respect to the incident
beam direction and aligned toward the isocenter. The compo-
nent was placed on top of a linear stage (NRT150, ThorLabs,
Inc.) so that horizontal translations could be applied during
data acquisition if needed. The isocenter-to-detector distance
was fixed at 10 cm.

Another component of the current XFCT system (not
shown in Fig. 1, as it was not used for this work) is a flat
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panel detector (Dexela 1207, PerkinElmer, Inc., Waltham,
MA, USA) that can be used for simultaneous or sequential
transmission CT with XFCT. More details about this compo-
nent can be found elsewhere [8].

Software developed in-house (with MATLAB) was used to
control the rotational stage as well as the linear stage during
data acquisition.

HEXITEC, + shielded chamber

FIGURE 1. Upgraded benchtop cone-beam XRF/XFCT imaging setup
highlighting the major components, a 125-kVp x-ray source, source
collimator, detector collimator, the HEXITEC system installed inside a
shielded chamber, and the 3-hole phantom mounted on a rotational
stage.

C. HEXITEC DETECTOR SYSTEM

HEXITEC is manufactured for spectroscopic x-ray detection
with a 2D pixelated sensor in the energy range of 3 to 200 ke V.
The system can operate at room temperature without a dedi-
cated cryogenic cooling system. The CdTe sensor (2 cm x
2 c¢cm) and readout electronics are inside of an aluminum
casing (21 cm x 5 cm x 5 cm). The CdTe sensor has a total
of 6400 (80 x 80) individual pixels (pixel pitch of 250 pm).
Each pixel can accumulate the energy deposition in 800 bins
where the final x-ray spectrum is tabulated by combining
multiple frames (frame rate ~9 kHz). The recommended
operating bias-voltage is —500 V. The software component
associated with HEXITEC comes with a built-in dynamic 2D
display of the sensor area where output data can be saved in a
proprietary binary format ( .hxt and .bin). These data files can
be used for offline data analysis (spectrum processing, charge
sharing correction, etc.) without repeating the experiment.

D. 2D PARALLEL-HOLE DETECTOR COLLIMATOR

The detector was coupled to a 2D parallel-hole collimator,
fabricated from stainless steel. The collimator consisted of
49 individual parallel holes, with a 2-mm hole diameter and
I-mm septum thickness (Fig. 2a). The 49 holes were dis-
tributed in 7 x 7 rows and columns in such a way that they
covered the 2 cm x 2 cm field of view (FOV) of the CdTe
Sensor.

The overall dimensions of the collimator were 3.5 cm x
3.5 cm x 5 cm (Fig. 2b). The selection of stainless steel
as the collimator material was to avoid any XRF production
from the collimator material, which could interfere with gold
Kol and Ka2 (68.8 and 67.0 keV, respectively) XRF photons.
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FIGURE 2. 2D parallel-hole detector collimator and XRF detection
component. (a) The front elevation of the parallel-hole collimator has
2-mm-diameter holes drilled as a 7 x 7 array covering the 2 cm x 2 cm
active area of the HEXITEC detector. (b) Top view of the collimator

(3.5 cm x 3.5 cm x 5 cm). (c) Shielded chamber supporting both HEXITEC
and detector collimator where the 3.5 cm x 3.5 cm collimator slot was
engineered to facilitate the coupling of any type of external collimator
with the detector. (d) Once the collimator was inserted into the slot, two
laser beams were used to align it to the center of the phantom, where a
laser crosshair was aligned with the x = 4 and y = 4 collimator hole in the
array.

The selection of the aperture diameter was to increase the
system sensitivity, as demonstrated in our previous experi-
mental study [9]. The collimator septum thickness was esti-
mated to be 1 mm by the approach described below, to avoid
XRF cross-interference between different holes during the
data acquisition. The minimum collimator septum thickness
(t) can be calculated as follows [20]:

> 4/
T L=G/w

where = 2.927 cm™! is the liner attenuation coefficient of
steel at 100 keV; L, d are the length and diameter of collimator
holes, respectively. Substituting these values for the equation
gives t > 1.03 mm; thus, to accommodate engineering effi-
ciency and to cover the maximum field of view, this was taken
to be I mm. Since the XRF energy window of interest for gold
resides far below 100 keV, this design ensures that no XRF
signal extracted for the final analysis originated from outside
the corresponding collimated region.

E. DETECTOR SHIELDING CHAMBER

The shielding chamber for HEXITEC served for the two
following purposes: first to protect the sensitive electron-
ics of the detector and second to avoid unwanted scatter
x-rays getting into the detector sensor elements. The frontal
part of this shielding chamber was made of stainless steel
(Fig. 2c). The thickness of the base plate was 2.5 cm. The
frontal part also had a protruding structure with an opening
of 3.5 cm x 3.5 cm x 5.0 cm, where various types of colli-
mators (up to 5 cm in thickness) could be inserted. The top,
two sides, and bottom of the shielding chamber were covered
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with lead plates (~1 cm thick each) to avoid the transmission
of roof and wall scattered radiation from the high-power x-ray
source.

F. BEAM ALIGNMENTS FOR IMAGING

The height from the tabletop to the x-ray source center was
fixed and taken as the origin (all distances measured with
reference to this point). The source collimator, phantom, and
detector centers were all placed at the same height in order
to have a coplanar imaging platform. A pointing laser was
used to align the phantom center to the x-ray source origin
along the incident beam direction. A second laser was then
used at 90° to the first laser to align the phantom center to the
center of the detector collimator (row = 4, column = 4 in the
collimator (Fig. 2d)).

G. DATA ACQUISITION

1) INPUT/OUTPUT CONTROL OF HEXITEC

HEXITEC has a control software package compatible with
the Windows operating system. The data /O was estab-
lished via a high-speed GigE-Ethernet cable. The operating
bias-voltage was set to —500 V. During the operation, the
internal temperature was automatically adjusted to ~27° C.
The spectrum channel numbers were converted to energy
bins by using a built-in energy calibration protocol in the
HEXITEC software; specifically, 800 energy bins were used
over the 0-128 keV energy range with a bin resolution of
0.16 keV. An energy calibration protocol for HEXITEC was
following the previous study [17] using two radioisotope
sources (Am-241 with a photopeak at 59.5 keV and Co-57
with photopeaks at 122 and 136 keV). Two types of binary
files were created at the end of data acquisition. The first file
was used to read the per-pixel energy spectra after all data
frames were combined after the scanning and to visualize the
2D-sensor elements; the second file was used to post-process
the data to correct for small pixel charge sharing effects.

2) PHANTOM IRRADIATION/XFCT SCAN
Each calibration phantom was irradiated for 5 and 10 s (45 x
103 and 90 x 103 frames, respectively). Once the calibration
phantom was fixed at the isocenter, it was confirmed to
align the central collimator hole with the mid-section of the
suspended GNP column inside the phantom. This ensured a
good XRF signal acquisition around the central collimated
region. Each calibration phantom for a given concentration
was irradiated 3 times to estimate the statistical uncertainty.
For XFCT scan, the imaging phantom (3 cm in diame-
ter) was greater than the 2-cm FOV of the sensor area of
HEXITEC. Thus, at least one horizontal detector translation
was necessary to cover the entire imaging phantom. This
was achieved by first scanning the right side of the phantom
for 5 and 10 s, and then translating the detector to the left
side and scanning the phantom for another 5 and 10 s, and
finally combining the two individual output files (.hxt) for
post processing. Although the total scan time per projection
became 10 and 20 s from this approach, the number of frames
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acquired in the HEXITEC was the same (45 x 103 and 90 x
10%) after combining the outputs, which was compatible with
the settings used in the calibration phantom irradiation. Once
the data acquisition was finished for both sides, the phantom
was rotated by 12° and the procedure was repeated from 0°
to 348°.

3) XRF SIGNAL EXTRACTION AND CORRECTIONS

Software developed in-house (Python 3.5) was used to extract
the x-ray spectra detected from HEXITEC. The pixel-level
charge sharing correction algorithm was used before pro-
cessing the data further. HEXITEC software has two such
correction techniques, namely, charge sharing discrimination
(csd) and charge sharing addition (csa) [18, 21]. For XFCT,
csa was found to be better than csd, in terms of enhancing
the XRF detection sensitivity [16] and was therefore used
in the current investigation. Note both csd and csa can be
applied offline after the scanning data have accumulated,
which allows the user to acquire the spectral data in any cor-
rection mode without losing the original real-time data. Thus,
they were applied offline in the current study to facilitate our
analysis.

Owing to the smaller detector pixel pitch, the per-pixel
spectra from 5 and 10 s irradiation time were statistically
unstable for the extraction of XRF signals from the Compton
scatter background. Thus, per-pixel energy spectra within
each collimated region (over a 10 x 10-pixel area) were
combined to obtain statistically stable composite spectra,
following the procedure (known as pixel-by-pixel spectrum
merging) developed in our previous study [16].

After the XRF/scatter spectra were acquired, they were
corrected for CdTe detection efficiency and XRF counts were
then extracted from the corrected XRF/scatter spectra, apply-
ing a deconvolution-based method developed in our previous
study [19]. XRF counts under gold Kol and Ka2 peaks
were summed to obtain the net XRF counts. Consistent with
the previous studies [9, 19], XRF counts of less than 1.96
op (op = standard deviation of the background at the 95%
confidence level) were considered statistically insignificant.

4) ESTIMATION OF IMAGING DOSE

The x-ray dose during the XFCT scan was estimated
using the ionization-chamber measured dose rate under the
current experimental conditions, following the procedure
detailed elsewhere [9]. Briefly, ionization chamber mea-
surements were performed with a standard Farmer-type
ionization chamber (N30013, PTW Freiburg) and an
electrometer (DOSE 1, IBA Dosimetry GmbH) using the
same PMMA-made dosimetry phantom as used previously.
The AAPM TG-61 formalism [22] was applied to correct raw
readings from ionization chamber measurements.

IIl. RESULTS

A. REAL TIME 2D IMAGES FROM HEXITEC

A useful feature of the HEXITEC software is a real-time
2D display of the sensor area during data acquisition. For
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the current benchtop XFCT setup, it was used to further
align the detector collimator toward the imaging phantom.
Figs. 3a and 3b show the multi-frame 2D images acquired
during the 5 s scanning of the calibration and imaging phan-
toms, respectively. In both images, the collimator holes were
clearly visible over the entire window corresponding to the
sensor area. The color bars represent the number of photons
that reached the detector and accumulated within the energy
window of 3-125 keV. It can be seen from the images that
the collimated regions (high-intensity pixel clusters) were not
overlapped, which justified the currently chosen collimator
design parameters (aperture diameter and septum thickness)
and isocenter-to-detector distance (10 cm).

B. IMAGE RESOLUTION
The effective diameter of each collimated region seen through
the sensor area was ~2.8 mm. Thus, 2.8 mm was considered
the spatial resolution achievable from the current parallel-
hole detector collimation along both the x and y directions.
To better quantify the spatial resolution, line profiles were
acquired along the x-/y-axes through the central pixel of the
sensor area. Fig. 4a shows the profiles for y = 38, 39, 40, 41,
and 42, where 7 distinct spikes are visible for each collimated
region with a corresponding effective width of ~2.5 mm
(nearly equal to the spatial resolution of 20 mm/7 ~ 2.8 mm).
Fig. 4b demonstrates the same corresponding profiles
along the x-axis, where 7 distinct spikes are visible with the
same estimated effective width. These suggested a spatial
resolution reduction by a factor of ~10 (2.8 mm/250 um).
As explained earlier, due to the 3-cm diameter of the
imaging object, one translation was needed for the current
analysis, and output files were merged side by side (for left
scan + right scan) for each rotation (Fig. 5). As shown,
instead of 49 parallel holes, 77 such holes were obtained,
mimicking HEXITEC with a larger sensor area coupled to
a 11 x 7 stainless-steel parallel-hole collimator. Thus, the
effective width of the object that could be imaged became
11 x 2.8 mm ~ 30.8 mm (>3 cm), where 2.8 mm is the spatial
resolution of the system.

C. XRF SIGNAL EXTRACTION

The spectrum obtained after charge sharing correction and
pixel-by-pixel spectrum merging followed by efficiency cor-
rection is illustrated in Fig. 6 for the calibration phantom
filled with GNPs at 0.05 mg Au/cm?.

The red line shows the modeled Compton background
and the XRF peaks extracted using our deconvolution-based
algorithm [19] are shown at the bottom. To obtain the net
gold XRF counts, the extracted peaks were integrated over
the energy window of 65-71 keV; this region of interest is
demarcated by two vertical lines in Fig. 6.

D. CALIBRATION CURVE AND DETECTION LIMIT OF THE
SYSTEM

The XRF signal extraction procedure was repeated for GNP
solutions at 0.03-1.0 mg Au/cm® concentrations to obtain
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FIGURE 3. 2D images of (a) calibration and (b) imaging phantoms
acquired with a built-in 2D imager in the HEXITEC software.
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FIGURE 4. Line profiles along the centrally located pixels (a) for y = 38,
39, 40, 41, and 42 with a clear 7 distinct spikes; (b) the same profiles are
visible for x = 38, 39, 40, 41, and 42 with similar distinct spikes.

the calibration curve. The obtained calibration curves (net
XREF signals vs GNP concentrations) are shown in Fig. 7 a
and b for data acquisition time of 5 and 10 s, respectively.
The data were fitted to show the linearity. As illustrated in
Fig 7 c and d, no statistically meaningful net XRF signals
(beneath 1.960 from the background) could be extracted from
the samples of less than 0.05 mg Au/cm? for 5 s acquisition
time and 0.03 mg Au/cm?® for 10 s acquisition time. Thus,
with the current benchtop XFCT configuration, the detec-
tion limit achievable with 5 and 10 s data acquisition time
was estimated to be 0.05 mg Au/cm? and 0.03 mg Au/cm?,
respectively.

E. PROJECTION DATA

For XFCT image reconstruction, projection sinograms were
calculated for each imaging slice corresponding to the colli-
mator row (the first collimator row from the top as slice 1,
the second collimator row from the top as slice 2, etc.) by
using the net XRF photon counts extracted from gold Ko
and Koy peaks for data acquisition time of 5 s (Fig. 8a-e)
and 10 s (Fig. 8f-j). Here the y axis showed the number
of detector elements, and the x axis showed the angle of
rotations. Parallel beam sinograms containing extracted net
XRF counts for each collimator slice were stored in a single
HDF5 (Hierarchical Data Format) file and saved for XFCT
image reconstruction.

F. AXIAL IMAGE RECONSTRUTION

The axial XFCT images were reconstructed by using a fil-
tered back projection algorithm (MATLAB, The Mathworks,
Natick, MA). During the reconstruction, additional adjust-
ments were done for attenuation of gold XRF signals inside
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FIGURE 5. 2D image mimicking the expanded detector sensor area,
obtained by translating the detector and combining the .hxt files from
separate scans of left and right sides of the imaging phantom.

0 25 50

801 —— Measured XRF spectrum
— — Background fit
701 mmm Extracted XRF peaks

60

50

40

30

20

XRF + scattered x-ray counts

10

0
40 50 60 70 80 90
Energy (keV)

FIGURE 6. Acquired XRF + scattered photon energy spectrum based on
pixel-by-pixel spectrum merging using 10 x 10 pixels along with the
deconvolution-based XRF signal extraction. The spectrum shown was
obtained with 5 s data acquisition time for the calibration phantom filled
with GNP solution at 0.05 mg Au/cm3 concentration.

the phantom and attenuation of the excitation beam, using a
Compton scatter-based attenuation correction algorithm, as in
our previous studies [8, 23]. The reconstructed XFCT images
were further filtered by using a Gaussian filter. For better
visualization, the reconstructed axial slices were interpolated
by using linear interpolation. The reconstructed counts in
each pixel were converted to GNP concentration by using
the calibration curve. After the conversion, thresholding of
pixels having a GNP concentration of <0.03-0.05 mg Au/cm?
were applied since no concentration below the detection limit
should give any statistically meaningful information. The
reconstructed axial XFCT images are shown for data acqui-
sition time of 5 s (Fig. 9a-e) and 10 s (Fig. 9f-j) respectively.

G. GNP CONCENTRATION FROM RECONSTRUCTED
IMAGES

Once the reconstructed images corresponding to 5 and 10 s
scan time became available, the GNP concentrations from the
reconstructed images were obtained by calculating the mean
values of ROIs inside the imaging phantom corresponding to
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FIGURE 7. The calibration curves for the current benchtop XFCT
configuration with acquisition time of (a) 5 s and (b) 10 s, respectively.
The horizontal line shows the 1.960 above the Compton background,
below which XRF signal was considered undetectable. The zoomed view
of the low concentration area below 0.1 mg Au/cm? for acquisition time
of 5 s and 10 s are shown in respective inserts.

the GNP-loaded regions and the associated standard devia-
tions. In Fig. 10, calculated GNP concentrations were plotted
against the actual concentrations.

For clarity of presentation, GNP concentrations calculated
for all 5 XFCT slices were shown as a box plot. The average
reconstructed GNP concentrations for all axial slices in 5 s
scan time were found to be 0.085 £ 0.013, 0.287 £ 0.029,
and 0.497 £ 0.012. On the other hand, for 10 s scan time,
the average reconstructed concentrations were found to be
0.108 £ 0.009, 0.302 £ 0.010 and 0.507 £ 0.007. Thus,
the percent standard deviation was maximum, ~15% (0.1 to
0.085 mg Au/cm?), for 0.1 mg Au/cm? at 5 s and decreased to
8% (0.1 to 0.108 mg Au/cm?), when the data acquisition time
increased to 10 s. For higher GNP concentrations, the average
values derived from the reconstructed images deviated less
than 5% for both 5 and 10 s scan time.

H. CONTRAST-TO-NOISE RATIO IN RECONSTRUCTED
IMAGES

Although the GNP-loaded regions in reconstructed XFCT
images were qualitatively visible, a quantitative analysis was
performed using the contrast-to-noise ratio (CNR), a function
of the mean signal and associated standard deviation for each
GNP-loaded region:

Sror — SBkG
V (‘71%01 + ‘7131((;)

where Sgor is the mean pixel value of an ROI within
a GNP-loaded region; Spxg is the mean pixel value of
the center of the phantom (a background region where no
GNP-induced XRF can be generated); 01%01 and U1§KG are
the associated square of the standard deviations. As in our
pervious study [24] and based on the Rose criterion [25], the
cutoff threshold value of 3 was selected for the CNR. For
values <3, GNPs were considered undetectable. As depicted
in Fig. 11, large CNR values, up to ~14, were observed
for some axial slices in the reconstructed XFCT images,
especially those based on the 10 s acquisition time.

CNR =
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FIGURE 8. Projection sinograms were obtained for slice numbers 1-5, based on data acquisition time of 5 s (a-e) and 10 s (f-j); no useful XRF signals were
obtained for collimator rows 6 and 7, due to the length (15 mm) of the GNP-loaded column. The x axis represents the projection angle in degrees and y

axis is the number of detector elements.
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FIGURE 9. The reconstructed axial images for slice numbers 1 through 5 for XFCT. Images based on XFCT scans with acquisition time of 5 s (a-e) and 10 s
(f-j). Each GNP-filled region was demarcated inside the phantom by using a smaller circle for better visualization.

CNR values for the GNP-loaded regions within the current
imaging phantom were generally above 3, although some
parts (i.e., axial slice 1-2) of the region filled with the lowest
GNP concentration of 0.1 mg Au/cm? were shown with CNR
values below 3 for the 5 s acquisition time. The average CNR
values for 0.1,0.3,0.5 mg Au/cm? for all axial slices in 5 s
scan time were found to be 3.028 4+ 0.610, 6.047 £ 0.326 and
8.113 £ 0.509, respectively. For 10 s scan time, the average
CNR values were found to be 4.948 £ 0.363, 11.047 £ 0.326
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and 13.913 =4 0.449 for 0.1,0.3,0.5 mg Au/cm? respectively,
which shows the effectiveness of increasing scan time (i.e.,
x-ray dose) to get better quality reconstructed images.

I. RECONSTRUCTED XFCT IMAGE IN 3D

Once the axial images were reconstructed, they were stacked
along the long axis (+Z) of the phantom to obtain the recon-
structed images in 3D. The reconstructed 3D image matrix
was saved, and the projection images along the proper planes
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FIGURE 10. The distribution of GNP concentrations derived from the
reconstructed images for axial slices 1-5. The horizontal dashed lines
represent the nominal/expected GNP concentrations inside the ROIs. For
5 s scan time the reconstructed concentrations found to be spread-out
more compared to 10 s scan time.
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FIGURE 11. The calculated CNR values for each axial slice in the
reconstructed images based on (a) 5 s and (b) 10 s acquisition time. The
horizontal dashed line shows the GNP detection threshold based on the
Rose criterion, CNR = 3.
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were acquired as shown in Fig. 12. The coronal plane was
defined in ZY and the sagittal plane was defined in ZX coordi-
nate, respectively. As seen, the regions loaded with relatively
high GNP concentrations (0.3-0.5 mg Au/cm?) were well
reconstructed (sagittal plane projection in Fig 12). On the
other hand, the region loaded with GNPs at 0.1 mg Au/cm?
suggests the difficulty of reconstructing the regions loaded
with low GNP concentrations based on the 5 s acquisition
time. Note, although not shown in Figure 12 due to close sim-
ilarity, the reconstructed images based on the 10s acquisition
time showed more clearly the region loaded with GNPs at
0.1 mg Au/cm? region. Also, all GNP-loaded regions showed
some local variation in the GNP concentration, especially in
the reconstructed images based on the 5 s acquisition time (as
shown by the green arrows).

J. XFCT IMAGING DOSE AND SCAN TIME

The dose rate determined from the current work was
21.3 c¢Gy/min at the isocenter. For a complete XFCT scan
of the current imaging phantom with 5 s acquisition time
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per projection, therefore, a total dose per projection was
calculated to be 1.775 cGy (21.3 cGy/min x 5 s). Similarly,
with 10 s acquisition time per projection, a total dose per
projection became 3.55 cGy. Accordingly, the total XFCT
imaging dose with 29 angular rotations (30 angular positions)
and 1 horizontal translation (2 translational positions) of
HEXITEC was 106.5 and 213 cGy for 5 and 10 s acqui-
sition time, respectively. If a horizontal detector translation
was not necessary, the total XFCT imaging dose from the
current work would become ~53 and ~107 cGy for 5 and
10 s acquisition time, respectively. Note, while it could not
be achievable during the current work, this scenario (i.e.,
no horizontal detector translation) is readily achievable with
a newer version of HEXITEC [26] providing a larger FOV
or XFCT scanning of smaller objects that can be within the
current FOV of HEXITEC.

Similar to the XFCT imaging dose, the total XFCT scan
time was found to be 300 s (or 5 min) and 600 s (or 10 min)
for the scans with 5 and 10 s acquisition time per projection,
respectively. Compared with the results from our previous
study performed under the same experimental conditions
(except for the use of a single crystal CdTe detector) [9], the
currently achieved XFCT imaging dose and scan time were
remarkable, suggesting almost a factor of 5 reduction. This
was an immediate consequence of making only one horizon-
tal detector translation during the current work (vs. 10 such
translations in the previous work) to scan the entire phantom.
Further reduction (i.e., additional 5 folds) in the XFCT imag-
ing dose and scan time would also be immediately achievable,
if no horizontal detector translation was necessary.

IV. DISCUSSION

The focus of the current work was to show the feasibility
and strength of integrating a fully spectroscopic pixelated
HEXITEC detector into an experimental benchtop XFCT sys-
tem. As shown, this integration allowed for parallel detection
of XRF photons, resulting in drastic reduction in the XFCT
imaging dose/scan time as well as enabling quantitative imag-
ing of the 3D distribution of GNPs inside a small animal—
sized object.

Compared to a few earlier versions of our experimen-
tal benchtop XFCT setup and related investigations, several
novel approaches from both hardware and software perspec-
tives were adopted in this work. First, a new custom-made
2D stainless-steel parallel-hole collimator was introduced to
enable the detection of XRF photons with a pixelated detec-
tor, as the vertical and/or horizontal translations of a single
crystal detector were no longer necessary. Second, a previ-
ously developed pixel-by-pixel spectrum merging technique
was extended to handle the spectral data acquired through
a 2D parallel-hole collimator. This approach, in conjunc-
tion with our deconvolution-based XRF signal extraction
algorithm, was essential to achieve the currently reported
system sensitivity, especially with 5 s of data acquisition
time at each projection. As reported in our recent study [16],
HEXITEC provided somewhat worse energy resolution under
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FIGURE 12. Reconstructed 3D image from stacked axial slices, based on
the XFCT scan with 5 s acquisition time. The image clearly shows all three
GNP-loaded regions inside the imaging phantom. It also illustrates some
local variation of GNP concentration in each region (shown by the green
arrows). Additionally, it suggests some difficulty of imaging the 0.1 mg
Au/cm3 region with the 5 s scan. Here, z axis shows the reconstructed
axial slice number and x-y plane represents the distance from the center
of the phantom in +cm.

the current measurement conditions than that reported pre-
viously. Nonetheless, when combined with the approaches
mentioned above, it allowed for fast enough imaging of a
given GNP-loaded object while providing the system sensi-
tivity comparable to that achievable with a single crystal CdTe
detector under the similar experimental conditions [9].

The spatial resolution of the current imaging setup was
limited by incorporation of a 2-mm parallel-hole collimator.
Despite this limitation, the use of the current collimator,
in conjunction with a pixelated detector, was a reasonable
compromise, given the reduced system sensitivity from the
use of other types of detector collimators (e.g., pinhole col-
limator) potentially providing higher image resolution [27].
In the case of a single crystal CdTe detector, the image
resolution could also be improved by translating it in finer
steps (e.g., less than 2 mm), but the scan time will become
prohibitively long. In principle, a custom 1D- or 2D-array of
single crystal CdTe detectors can be used, instead of pixelated
detectors. As explained elsewhere [15], however, such an
array cannot be easily deployed into a benchtop XFCT system
on a relatively small footprint such as the one described in
this study for preclinical imaging purposes. Thus, the use
of a parallel-hole collimator, in conjunction with a pixelated
detector, can be well justified, especially when the detection
of sparsely distributed GNPs within a small animal-sized
imaging object is the prime concern. In practice, acquiring
finer image resolution may not be the primary motivation of
metal NP-based benchtop XFCT/XRF imaging applications,
which are instead used to understand the molecular char-
acteristics of the object of interest. On a related note, it is
possible to deploy another pixelated detector coupled with a
parallel-hole collimator, on the opposite side of the current
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detector location within our benchtop XFCT system. In that
case, the overall image resolution will improve, along with
further reduction of scan time/imaging.

Finally, the question remains as to whether the system
sensitivity of our HEXITEC-based benchtop system could
be enhanced further, while not increasing the XFCT scan
time/dose. Throughout the current investigation, we made
deliberate efforts to rival the system sensitivity achieved with
our single crystal CdTe detector-based system. Due to several
inherent differences (e.g., need for charge sharing correction
for HEXITEC) between these two detector types, however,
we were unable to perfectly achieve the goal (as can be
inferred from the results based on 5 s data acquisition time).
Apparently, our benchtop XFCT system described in this
report is subject to further optimization efforts, in terms of
both hardware and software aspects. Thus, we expect a good
likelihood of further sensitivity improvement from the cur-
rently reported level, although we also anticipate a threshold
for such improvement, which will have to be determined in
future investigation.

V. CONCLUSION

In the current work, we successfully integrated a fully
spectroscopic pixelated CdTe detector, HEXITEC, into our
existing benchtop XFCT setup. We also demonstrated the
capabilities of our upgraded benchtop XFCT system that
were previously unachievable with our single crystal CdTe
detector-based system. Specifically, adoption of HEXITEC
with a custom-made parallel-hole collimator drastically
reduced the XFCT scan time/dose, by up to a factor of 5,
while achieving comparable system sensitivity under similar
experimental conditions. Further scan time/dose reduction
(by additional 5 folds or more) from the currently reported
level would be readily achievable with the deployment of
a larger FOV HEXITEC. Overall, the current work estab-
lished the feasibility of benchtop XFCT imaging of small
animal-sized objects containing biologically relevant GNP
concentrations (on the order of 0. mg Au/cm® or 100
parts-per-million/ppm), with the scan time (on the order of
1 minute)/x-ray dose (on the order of 10 cGy) deemed accept-
able for routine preclinical imaging applications. Despite the
need for further improvement, the currently achieved combi-
nation of XFCT scan time, x-ray dose, and GNP detection
limit, along with the demonstration of volumetric XFCT
scans followed by XFCT image reconstruction in 3D, were
unprecedented, to the best of our knowledge.
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