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Investigation of X-ray Fluorescence Computed
Tomography (XFCT) and K-Edge Imaging

Magdalena Bazalova*, Yu Kuang, Guillem Pratx, and Lei Xing

Abstract—This work provides a comprehensive Monte Carlo
study of X-ray fluorescence computed tomography (XFCT)
and K-edge imaging system, including the system design, the
influence of various imaging components, the sensitivity and
resolution under various conditions. We modified the widely
used EGSnrc/DOSXYZnrc code to simulate XFCT images of
two acrylic phantoms loaded with various concentrations of gold
nanoparticles and Cisplatin for a number of XFCT geometries.
In particular, reconstructed signal as a function of the width of
the detector ring, its angular coverage and energy resolution
were studied. We found that XFCT imaging sensitivity of the
modeled systems consisting of a conventional X-ray tube and a full
2-cm-wide energy-resolving detector ring was 0.061% and 0.042%
for gold nanoparticles and Cisplatin, respectively, for a dose of

. Contrast-to-noise ratio (CNR) of XFCT images of the
simulated acrylic phantoms was higher than that of transmission
K-edge images for contrast concentrations below 0.4%.

Index Terms—Computed tomography, medical diagnostic
imaging, molecular imaging.

I. INTRODUCTION

X -RAY computed tomography (CT) imaging plays a piv-
otal role in the diagnosis, staging, treatment planning, and

therapeutic assessment of various diseases. It is also indispens-
able in preclinical small animal imaging research. The modality,
however, falls short in providing molecular features. How to
add molecular imaging information on top of anatomical CT
images represents a significant unmet need in clinical practice
and in vivo animal imaging studies. A technique using X-ray
excitable nanophosphors has been suggested for simultaneous
imaging of anatomy and molecular features [1]–[3]. While the
approach shows extremely high sensitivity and spatial resolu-
tion, limited penetration depth of optical signal may render the
X-ray luminescence CT (XLCT) to preclinical use and certain
niche clinical applications.
An alternative approach is X-ray fluorescence computed to-

mography (XFCT), which aims to generate molecular contrast
by detecting the characteristic X-rays from the interaction
between X-ray and the probe(s) containing high atomic number
element, such as the gold nanoparticles [4], [5] and iodine [6].
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The 3-D distribution of the high- contrast agent within the ob-
ject is tomographically reconstructed based on themeasured flu-
orescence sinogram data obtained using photon-counting detec-
tors [7]. Up to this point, this modality has not been fully inves-
tigated and there is a general need for a comprehensive under-
standing of the X-ray fluorescence imaging system, its depen-
dence on the type of contrast agent, and its achievable sensitivity
and spatial resolution.
In this work, we carry out a detailed Monte Carlo study of

the fluorescence imaging system using different phantoms con-
taining either gold nanoparticles [8] or Cisplatin [9] and shed
useful insight into the optimal design of XFCT. Historically,
CT has been used for imaging of high-Z materials in two other
ways, using dual-energy CT [10], [11], in which atomic num-
bers and mass densities of each voxel are calculated based on
CT scans taken at two energies, and K-edge imaging [12], in
which photons with energies above the of high-Z agents
are used for image reconstruction. Dual-energy CT imaging is
a promising technique, however, it has not been used preclini-
cally due to high image noise and motion artifacts. For compar-
ison purposes K-edge imaging is also simulated along with the
XFCT studies.

II. MATERIALS AND METHODS

A. Simulation Geometry

The simulation geometry of XFCT and transmission CT
K-edge imaging is shown in Fig. 1. Phantoms containing the
contrast media were scanned with an X-ray pencil beam in the
first generation CT geometry. The rectangular 0.5 mm 110 kV
beam traveled along 5.5 cm using 110 dwell positions before
the beam was rotated by 1 over a full 360 rotation. An energy
resolving detector ring with a diameter of 10 cm was simulated.
Various angles covered by the detector ring and various widths
of the ring were simulated. The energy resolution of the de-
tector ring was also modified in order to evaluate the effect of
detector energy resolution on image quality. Images acquired
with various imaging doses were simulated.

B. Phantoms

Three cylindrical phantoms, a low-resolution and two high-
resolution phantoms, with two contrast media, gold nanopar-
ticles and Cisplatin containing platinum, were simulated. All
phantoms were made of acrylic and were 5 cm in diameter and
3 cm in length. The low-resolution phantom [Fig. 2(a)] con-
tained four cylindrical vials with 1 cm in diameter and contrast
media with concentrations of 0.5%, 1.0%, 1.5%, and 2.0% (or
5–20 mg of Au or Pt per 1 g of water). The high-resolution
phantoms contained sixty cylindrical vials with 0.5, 0.4, 0.3,
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Fig. 1. Simulation setup of X-ray fluorescence and transmission CT imaging.
The X-ray source was a 110 kV photon beam (spectrum shown on the right).
Examples XFCT and transmission CT images are also presented.

Fig. 2. Schematic drawings of the simulated phantoms. Low-resolution
phantom (a) is a 5-cm-diameter acrylic cylinder containing four 1-cm-diameter
cylindrical vials with contrast media with concentrations of 0.5%, 1.0%,
1.5%, and 2.0%. Phantom (b) is a high-resolution high-concentration phantom
containing vials with diameters of 0.5, 0.4, 0.3, 0.2, 0.15 cm and contrast
media with concentrations from 0.5% to 2.0%. Phantom (c) is a high-resolution
low-concentration phantom with concentrations ranging from to 0.1%–0.4%.

0.2, and 0.15 cm in diameter and with contrast media concentra-
tions of 0.5%, 1.0%, 1.5%, and 2.0% in the high-concentration
phantom [Fig. 2(b)] and with contrast media concentrations of
0.1%, 0.2%, 0.3%, and 0.4% in the low-concentration phantom
[Fig. 2(c)].

C. Monte Carlo Simulations

The EGSnrc [13]/BEAMnrc [14] and DOSXYZnrc [15] MC
codes were used for all simulations. First, the spectrum of the
110 kV photon beam was simulated in the BEAMnrc code.
The entire XFCT imaging geometry was then simulated in the
DOSXYZnrc code that we modified for the simulation of CT
geometry. Relevant low energy electron and photon physics,
such as electron impact ionization, bound Compton scattering,
Rayleigh scattering, and atomic relaxations, were included in
the simulations that were run on a 2 3 GHz Quad-Core Intel
Xeon computer. The most time intensive DOSXYZnrc simula-
tion took approximately seven days using 8 CPUs.
1) Photon Beam Simulations: A small rectangular 0.5 1

mm 110 kV photon beam was used in all simulations. Whereas
the 0.5 mm dimension was chosen to achieve high image
resolution, the 1 mm dimension parallel to the rotational axis
of the cylindrical phantom was chosen for more efficient MC
simulations. The 110 kV beam spectrum was simulated in the
BEAMnrc code. A 0.1-mm-diameter circular electron beam
with 110 keV was incident on a 17- -thick tungsten transmis-
sion target converting the electron beam into Bremsstrahlung
and characteristic X-rays. The beam was then filtered with

a 680- -thick lead foil to enhance the relative number of
photons with energies above the of Au (80.7 keV) and Pt
(78.4 keV) using the of Pb at 88.0 keV [5]. The photon
beam was then collimated by a 5-cm-thick lead block with
0.5 1 mm opening to approximate a pencil beam used in the
next simulation step, as described in the previous paragraph.
The energy spectrum of the photons in the phase-space scored
below the collimator was used in all simulations. Note that no
beam penumbra was included in XFCT simulations, however,
due to the large thickness of the collimator the beam penumbra
was negligible.
2) XFCT and Transmission CT Geometry Simulations:

XFCT geometry was simulated in a version of the DOSXYZnrc
code that was modified for simulations of CT geometry. The
parallel rectangular beam from multiple directions was chosen
as the source to simulate parallel-beam XFCT geometry. The
beam was 5.5 cm wide in the -plane and 0.1 cm wide
in the -direction and rotated in 1 -steps over 360 . The
dosxyznrc.mortran code was modified such as each particle’s
initial -coordinate and angle of incidence were recorded. The
ausgab routine [15] was modified to calculate the position of
each particle leaving the geometry. If the particle interacted
with the detector ring, the energy of the particle was stored in
the respective position in the sinogram determined based on
the particle’s incident coordinate along the line of the source
and incidence angle. For each event, the incident and
coordinates of the excitation X-ray photon were recorded.
Based on the direction of the photon, the radial position along
the source for sinogram sorting was calculated. The tube angle
was determined by the original direction of the photon. The
history of the photon was tracked and all photons generated by
the excitation X-ray photon leaving the geometry were checked
whether they interacted with any part of the detector ring. If
they did, the count in the energy bin of the energy of the photon
leaving the geometry was increased by one at the radial position
and tube angle of the incident excitation X-ray photon.
The energy spectrum for each sinogram point was binned in

1 keV bins. Whereas XFCT sinograms did not include photons
from the detectors directly opposite of the pencil beam, trans-
mission CT sinograms only consisted of these photons. Both flu-
orescence and scatter photons were stored in XFCT sinograms.
Apart from the default .3ddose dose distribution file, .sinogram
files containing the number of photons in each energy bin for
each X-ray beam position and angle were also generated as a
result of all MC simulation.
3) Detector Ring: The detector ring was first considered as

a 2 cm wide full detector ring with an ideal energy response.
More realistic cases were studied by altering the detector ring
width, angular coverage, and energy response. The effect of
the detector ring properties was studied with the low-resolu-
tion phantom loaded with platinum and imaged with a dose of
2 mGy.
Additional detector widths of 1 cm, 5 mm, and 3 mm were

simulated. The CdTe detector is commercially available with
3 3 mm and 5 5 mm crystals. The intersection of each
particle leaving the geometry with the detector ring cylinder
was calculated. The -coordinate of the intersection determined
whether the detector ring registered the photon.
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Fig. 3. Imaging dose for the (a) low-resolution and (b) high-resolution phantom
loaded with gold nanoparticles. The dose to the center of the phantoms is 2mGy.

The detector angular coverage of 360 ensures the highest
efficiency in detecting X-ray fluorescence photons. In order to
reduce the detector cost, images reconstructed from detector an-
gular coverage of 240 , 180 , and 90 were studied, reducing
the number of detectors by 33%, 50%, and 75%, respectively.
The full detector ring was divided into 36 10 -detector blocks
and every two out of three detector blocks, every other detector
block and every fourth detector block was enabled for X-ray
detection using the 240 , 180 , and 90 -detector coverage, re-
spectively. Separate .sinogram files for each detector width and
angular coverage were stored.
The detector energy response was studied using post-pro-

cessing of existing sinograms. The energy spectrum of each
sinogram point was blurred with a Gaussian distribution with
a standard deviation calculated based on relative energy resolu-
tion values of 1.0%, 1.5%, 2.0%, 2.5%, and 3.0%. It has been
reported that the energy resolution of the CdTe detector is 1.1%
for (122 keV) [16].
4) Phantom Simulations: The cylindrical phantoms were

represented in voxelized geometries as required by the
DOSXYZnrc code. The voxel sizes were 500 and 200
for the low-resolution and high-resolution phantoms, respec-
tively. The gold nanoparticle media were considered to be
simply mixtures of water and gold. Cisplatin solutions were
modeled as solutions of water and , which is the
chemical composition of the drug. The mass densities of the
contrast agents were chosen to be 1.001, 1.002, 1.004, 1.004,
1.005, 1.01, 1.015, and 1.02 for the 0.1%, 0.2%, 0.3%,
0.4%, 0.5%, 1.0%, 1.5%, and 2.0%, concentrations, respec-
tively, for both gold and platinum. Even though the chosen
mass densities are somewhat arbitrary, the mass density does
not change with such low contrast concentrations, which will
not alter the results of the simulations, as the composition is
the more important parameter for interactions at kilovoltage
photon energies.
The imaging dose to the phantoms was quantified and the

dose to the center of the phantom was considered as the imaging
dose to the phantom. The dose distributions in both phantoms
loaded with gold nanoparticles are shown in Fig. 3. The imaging
dose in the center of the phantom is approximately 30% and
25% of the maximum imaging dose for the low and high-res-
olution phantoms, respectively. The maximum dose deposition
occurs in the vials with the highest contrast concentration due to
the contribution of the photoelectric effect and the short ranges

Fig. 4. Energy spectrum for a single sinogram point of the low-resolution
phantom loaded with gold (a) and platinum (b) imaged with 0.1 mGy.

of the photoelectrons. Due to the small size of
the phantom, the dose difference between the periphery of the
phantom and the center of the phantom is within 5%. In order
to image the low- and high-resolution phantoms with a dose of
2 mGy, 1.02 and 1.08 incident photons were sim-
ulated, respectively.

D. Image Reconstruction

Parallel beam sinograms containing energy spectra for each
sinogram data point were stored as a result of MC simulations
and processed to reconstruct XFCT and transmission CT im-
ages. MATLAB (The Mathworks, Natick, MA) was used for
data processing and image reconstruction. The reconstructed
signal was evaluated as the mean value of regions of interest
(ROIs) just covering each contrast vial. Contrast-to-noise ratio
(CNR) was also evaluated by calculating the ratio of the differ-
ence between the mean values of the signal of each ROI and
acrylic and the standard deviation of the background signal.
1) XFCT Image Reconstruction: XFCT images were recon-

structed using both and peaks at 68.8 keV and 67.0
keV for gold and 66.8 keV and 65.1 keV for platinum, respec-
tively. Sample energy spectra from a single sinogram data point
(radial position of 1 cm and tube angle of 100 , see Fig. 5) for
both gold and platinum are presented in Fig. 4(a) and (b), respec-
tively. The sinogram for XFCT image reconstruction was calcu-
lated as the sum of the net counts for both fluorescence en-
ergies. The fluorescence X-rays are superimposed on Compton
scattered photons and the net number of fluorescence X-rays has
to be extracted. In general, the Compton scatter contribution can
be estimated by interpolation using a number of neighboring
energy bins. In our simulations, the number of Compton scatter
photons was calculated using a simple linear interpolation based
on the number of counts of a single neighboring energy bin on
each side. This interpolation works well in the simulated sino-
gram data due to the 1 keV resolution considering an idealized
detector with perfect energy response. The net number of
counts was then calculated as the total number of counts at the

energy minus the approximated number of Compton scat-
tered photons.
XFCT images were reconstructed using simple filtered back-

projection with the Shepp-Logan filter. The reconstructed signal
was normalized using a separately simulated image of a vial
containing 2% contrast concentration. XFCT images were re-
constructed for both phantoms loaded with both contrast media
imaged with various doses using the default 2-cm-wide detector
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Fig. 5. inograms (top) and reconstructed CT images (bottom) for XFCT (left)
and transmission CT (right) of the low-resolution phantom loaded with gold for
a 0.1 mGy imaging dose.

ring with a full 360 -coverage and ideal energy resolution. The
properties of the detector ring were studied using XFCT images
of the low-resolution phantom loaded with platinum and imaged
with a 2 mGy dose.
2) Transmission CT Image Reconstruction: Transmission

CT images were reconstructed for the high-resolution phantom
loaded with both contrast agents imaged with a 2 mGy dose
using only transmission data. Sinograms for transmission
CT reconstruction were generated in two ways. First, similar
to conventional CT scanners, the number of counts of each
sinogram point was integrated over the entire energy spectrum.
Second, K-edge imaging was performed by subtracting CT
images reconstructed using photons below the of the
contrast medium ( images) from conventional CT
images reconstructed using the entire energy spectrum. This
was done to approximate previous iodine CT K-edge imaging
work, in which CT data were acquired at energies below and
above the K-edge of iodine and CT images were reconstructed
using the difference of the two datasets [17]. For gold and
platinum, the energy was considered to be the energy
bins 81 and 79, respectively.
The number of counts were converted into projections using

, where is the number of counts and is
the maximum number of counts found in the sinogram, cor-
responding to an air-scan. Similar to XFCT, CT images were
reconstructed using filtered back-projection of the projection
data. The reconstructed data, or the linear attenuation coeffi-
cients, were converted into CT numbers using CT number

, where is the linear attenuation coeffi-
cient of a voxel and is the linear attenuation coefficient of
water.

III. RESULTS

A. Image Reconstruction

An XFCT sinogram showing the net number of counts of
the low-resolution phantom loaded with gold and imaged with

Fig. 6. XFCT images of the low-resolution phantom loaded with gold (top) and
platinum (bottom) as a function of imaging dose. Values from 0 to the maximum
reconstructed value are displayed in each XFCT image.

0.1 mGy is presented in the left column of Fig. 5. The XFCT
image reconstructed from the sinogram data of the gold low-res-
olution phantom is also shown in Fig. 5. An example of a con-
ventional CT sinogram including photon counts of all energies
and the corresponding CT image is shown in the right column
of Fig. 5.

B. XFCT Imaging

1) Gold and Platinum: XFCT images of the low-resolution
phantom loaded with gold and platinum for various imaging
doses are shown in Fig. 6. The image quality for both contrast
agents is comparable and the reduction of noise with increasing
imaging dose is evident. Nonuniformity of the signal within
each vial is also apparent. The vial with 0.5% concentration is
just visible in the 0.1 mGy images, however, its contrast is much
higher in the images acquired with at least 1 mGy imaging dose.
The reconstructed concentration calculated from the mean

value of each vial as a function of true contrast concentration
and imaging dose for both gold and platinum is presented in
Fig. 7(a) and (b). Gold and platinum concentrations are recon-
structed accurately within 1.5% and 2.9% for the 5 mGy XFCT
images. The CNR graphs as a function of imaging dose and con-
trast concentration are shown in Fig. 7(c) and (d). In agreement
with the reconstructed signal results presented in Fig. 7(a) and
(b), CNR in gold XFCT imagines is lower than in platinum im-
ages. The data are fitted with a straight line and the CNR of 4, the
detectability limit given by Rose criterion [18], is marked. Ac-
cording to the Rose criterion and based on the simulated setup,
0.20% and 0.19% is the lowest gold and platinum concentration
that can be detected in XFCT images acquired with a 5 mGy
imaging dose.
2) Detector Ring: The results of the detector ring study are

presented in Fig. 8. All data were calculated for the low-resolu-
tion phantom loaded with platinum and imaged with a 2 mGy
dose. The dependence of CNR on the detector width is shown in
Fig. 8(a). A linear relationship between the reconstructed signal
and detector width is observed. CNR as a function of detector
angular coverage is presented in Fig. 8(b). A linear relationship
is observed similar to the detector width study, as expected. The
detector energy resolution plot, presented in Fig. 8(c), demon-
strates that energy resolution of up to 1.5% does not significantly
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Fig. 7. Reconstructed concentration (a, b) and CNR (c, d) as a function of con-
trast concentration and imaging dose for gold (a, c) and platinum (b, d) based
on simulations of the low-resolution phantom.

Fig. 8. CNR for four concentrations of platinum as a function of detector width
(a), detector angular coverage (b), and detector energy resolution (c) based on
the low-resolution phantom imaged with a 2 mGy dose.

affect the quality of XFCT images using the suggested data ac-
quisition setup with 1 keV energy bins. However, the 2.0% con-
centration CNR in images reconstructed using detectors with
2.5% and 3.0% energy resolution is 32% and 78% lower than the
signal reconstructed with detectors with ideal energy response.

C. XFCT and Transmission CT Comparison

High-resolution phantom XFCT and transmission CT images
and K-edge images are shown in Fig. 9. The images were gen-
erated using a full 2-cm-wide detector ring with ideal energy
response detectors and using imaging dose of 2 mGy. Similar

Fig. 9. Reconstructed images of the high-resolution phantom loaded with gold
(top) and platinum (bottom). XFCT images (first column), transmission CT
image generated using all X-rays (second column) and usingX-rays below (third
column) the respective K-edge CT images (fourth column) are recon-
structed by subtracting images form CT images. Transmission
image W/L settings are 1000 and 0 and the full range of reconstructed values is
displayed in contrast-only images.

to the low-resolution phantom, the contrast is higher in XFCT
images of the phantom loaded with platinum. The noise in plat-
inum images is also higher (first column of Fig. 9).
Transmission CT images are presented in the second to fourth

columns of Fig. 9. As expected, CT images reconstructed using
all photons (second column) have a higher contrast than CT
images reconstructed using photons with energies below the

of the contrast (third column). K-edge CT images (fourth
column) generated by subtracting images from
CT images show contrast-only images with subtracted phantom
material.
CNR of XFCT images and transmission K-edge CT images

for all combinations of contrast concentrations of 0.5%, 1%,
1.5%, and 2.0% and contrast vials of 1.5, 2.0, 3.0, 4.0, and 5.0
mm in diameter is shown in Fig. 10. All imaged objects have
a CNR higher than 4 and are thus detectable. CNR of the vials
varies from 6 to 26 in XFCT images and from 6 to 33 in CT
K-edge images.
In general, CNR of XFCT images is lower than CNR of

K-edge CT images. The differences between CNR of XFCT
and K-edge images increase as the contrast agent concentration
increases and the size of the vial increases. Whereas the CNR
of the 1.5 mm vial filled with 0.5% contrast is comparable for
both imaging techniques and contrast agents, the XFCT CNR
of the 5 mm vial filled with 2% contrast is only 66% of the
K-edge CT CNR.
Similar to the results of the low-resolution phantom study,

CNR of gold XFCT images is on average slightly lower than
CNR of platinum. CNR of K-edge CT images is also lower for
gold than for platinum. A linear relationship between CNR and
contrast agent concentration is observed for all sizes of vials in
both XFCT and K-edge CT images. In XFCT images, CNR is
constant for the 0.5% contrast concentration. For higher concen-
trations, CNR first increases as a function of vial diameter but it
reaches a maximum at a certain size of vial. The concentration,
at which CNR reaches its maximum, decreases with increasing
vial size. This effect can be attributed to self-attenuation of flu-
orescence X-rays in larger vials and it is more pronounced for
higher contrast concentrations.
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Fig. 10. CNR calculated from XFCT and K-edge CT images for various con-
centrations of gold and platinum as a function of contrast agent concentration
and object size. Imaging dose is 2 mGy.

Fig. 11. CNR calculated from XFCT and K-edge CT images for various con-
centrations of gold and platinum as a function of contrast agent concentration
and object size for concentration of 0.1%–0.4%. Imaging dose is 2 mGy.

CNR of XFCT images and transmission K-edge CT images
for all combinations of contrast concentrations of 0.1%, 0.2%,
0.3%, and 0.4% and contrast vials of 1.5, 2.0, 3.0, 4.0, and
5.0 mm in diameter is shown in Fig. 11. All vials with 0.4%
concentration and 2–4 mm Pt vials with 0.3% concentration
are detectable in XFCT images and no vials are detectable in
K-edge CT images. CNR of XFCT images is higher than CNR
of K-edge CT images for all concentrations below 0.4%.

IV. DISCUSSIONS

AMonte Carlo model of XFCT and transmission CT imaging
was presented. First, the quality of XFCT images as a function
of dose using a low-resolution phantom with 5 mm diameter ob-
jects loaded with contrast was studied. Based on Fig. 7 and Rose

criterion, the minimum detectable concentration
can be expressed as a function of imaging dose using

and for gold
and platinum, respectively. The lowest detectable concentration
for a 5 mm sized object imaged with a dose of 10 cGy is 0.061%
for gold and 0.042% for platinum. Typical clinically used Cis-
platin concentrations are in the order of [19],
[20], which would not be detectable in our proposed setup.
The detector ring study shows how the CNR changes as a

function of detector ring width, angular coverage, and energy
resolution (Fig. 8). A linear relationship between the CNR and
detector ring width and between the CNR and angular coverage
are found. The CNR for various combinations of detector width
and angular coverage can be calculated based on these relation-
ships. The 1.1% energy resolution of the CdTe detector might
not significantly affect imaging performance of the proposed
XFCT imaging system using detectors with 1 keV energy bins.
Note that the CNR would be larger for a setup with smaller en-
ergy bins. The spatial distribution of the detectors in the detector
ring was not taken into account and no dead spaces were con-
sidered. This will further decrease the detected signal and image
CNR. The magnitude of this effect can be estimated using plots
in Fig. 8(b).
For the studied concentrations of 0.5%–2%, we show that

K-edge imaging of gold nanoparticles and Cisplatin produces
images with higher CNR than XFCT imaging. However, CNR
differences between XFCT and K-edge CT images decrease
with decreasing contrast concentrations and object size. For the
0.5% contrast and 1.5 mm object size, CNR of the two imaging
techniques are practically equal. Our simulations show that for
lower concentrations, CNR of XFCT images is higher than CNR
of K-edge CT images. This can be attributed to the combination
of higher noise in K-edge CT images compared to XFCT images
and the imperfect subtraction of the background material. Un-
like conventional transmission CT imaging, XFCT and K-edge
imaging result in contrast-only images. CNR of XFCT does not
depend on the background tissue type. On the other hand, the
background tissue subtraction is not perfect in K-edge CT im-
ages, which causes a decrease in CNR for low concentrations
compared to XFCT images.
An advantage of XFCT and K-edge CT imaging over con-

ventional transmission CT imaging is imaging of contrast in the
vicinity of bony tissue. We demonstrated this by simulating a
bone phantom, in which 1-cm-diameter cortical bone insert was
surrounded by a 3-mm-thick layer of 5.5% gold solution and an-
other 1-cm-diameter mandible insert was surrounded by a layer
of 4.5% gold solution [Fig. 12(a)]. The contrast agent concen-
trations and bone tissues were chosen such as their CT numbers
in the conventional CT image are similar and it is not possible
to separate the contrast agent from the bone tissue [Fig. 12(b)].
In XFCT and K-edge CT images, however, the spatial distri-
bution and concentrations of the contrast agents can be clearly
resolved [Fig. 12(c) and (d)]. With agreement to the previous
studies, the high-concentration contrast agent has a better con-
trast on K-edge CT images than in XFCT images.
The results of conventional CT images and

images are not shown. CNR of conventional CT images is
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Fig. 12. The schematic of the bone phantom (a), its CT (b), XFCT (c), and
K-edge CT (d) images.

lower for all vial sizes for 0.5% and 1.0% concentrations and
for 1.5–3.0 mm vial sizes for 1.5% and 2% concentrations.
For larger objects, the CNR is higher for conventional CT
images. For the 0.5% concentration, vials with 1.5–3.0 mm
diameters are not detectable in conventional CT images. CNR
of images is lower than the CNR of XFCT images
for all sizes and concentrations and object with concentrations
below 1% are not detectable. As a result, CT imaging of gold
nanoparticles and Cisplatin should not be performed with
energies below the of gold and platinum.
It should be noted that the larger sized object are located in

the center of the high-resolution phantom. Fluorescent X-rays
will get attenuated in the phantom before they reach the de-
tector ring, which causes a decrease in the reconstructed signal
and subsequently the CNR of these objects decreases (Fig. 10).
This effect is also visible in XFCT images of the low-resolu-
tion phantom in Fig. 6 where the signal on the periphery of each
vial is higher than the signal towards the center of the phantom.
The nonuniformity of the signal can be remedied by applying
more sophisticated image reconstruction techniques, in which
fluorescence X-ray attenuation in the phantom can be taken into
account.
In previous works [3], [4], maximum likelihood (ML) algo-

rithm [21] was used for image reconstruction of XFCT images
due to the low count statistics. All images were reconstructed
with a simple filtered back-projection (FBP) in this study. FBP
was used to objectively compare XFCT images to transmission
CT images.
We show that for the studied concentrations on the order

of 0.5%–2.0%, K-edge CT images show a higher CNR than
XFCT images. XFCT imaging is performed with energy-re-
solving detectors and the relative energy resolution should ide-
ally be below 1% [Fig. 8(c)]. Multiplex imaging of multiple
contrast agents can be then easily performed with XFCT. On
the other hand, K-edge imaging can be performed with detec-
tors equipped with only a single energy separator [22] making
the imaging system less expensive.
XFCT data for image reconstruction (the energy spectra for

each pencil beam position) contain X-ray fluorescence photons
at the corresponding energies of the imaged element as well
as Compton scatter photons. Compton scatter photons contam-
inate the signal and they have to be subtracted from the total
number of counts. In our simulations assuming perfect en-
ergy response and 1 keV energy resolution, a simple linear inter-
polation using two neighboring energy bins was used. In a real-
istic scenario, more sophisticated interpolation techniques such
as cubic spline using a number of neighboring energy bins will
be used. Another approach to remove Compton scatter photons

is the use of physical collimators or grids in front of the detector.
This challenging technique results in lower detection efficiency
and will be considered in our future work, in which fan beam
and cone beam scanning will be investigated.
In practice, gold nanoparticles and Cisplatin will not only be

taken up by tumors, they will also be present in normal tissue
[23]. The effect of background concentration was not studied in
this work, however, we would like to note that background con-
centrations will decrease the CNR of both XFCT and transmis-
sion CT images. Another consideration not taken into account in
this work is the fact that the simulated phantom is uniform along
the -axis, the axis of rotation of the X-ray tube. To mimic real
scenarios, a phantom heterogeneous in the direction along the
axis of rotation should be simulated.
The quality of both XFCT and K-edge CT images is a

function of the energy spectra used for imaging. As the energy
decreases towards the K-edge, the image contrast increases.
Image contrast also increases with a more monochromatic
beam. Ideally, monochromatic source such as synchrotron
radiation should be used for XFCT imaging to increase its
sensitivity [24]. With our MC model, a compromise between
image quality and imaging dose for XFCT imaging with an
X-ray tube can be found. By up scaling the detector ring in
the model, XFCT and K-edge CT imaging of patients can be
simulated and studied.

V. CONCLUSION

AMonte Carlo model of an in vivo imaging system for X-ray
fluorescence and K-edge CT imaging using a conventional
X-ray tube and selective excitation has been presented. Based
on our simulations, we have shown that XFCT outperforms
K-edge CT for imaging of probes at low concen-
trations. Unlike in conventional CT images, probe contrast
in XFCT images is completely independent of the type of
surrounding tissue. With the proposed system, anatomical CT
and molecular XFCT images can be acquired simultaneously
by separating transmission X-ray signal and probe fluorescent
X-ray signal in the detector ring data. Further increase in
sensitivity is expected when monoenergetic X-rays are used for
excitations. This will be the subject of our future research.
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