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Purpose: X-ray-induced luminescence (XIL) is a hybrid x-ray/optical imaging modality that
employs nanophosphors that luminescence in response to x-ray irradiation. X-ray-activated phospho-
rescent nanoparticles have potential applications in radiation therapy as theranostics, nanodosimeters,
or radiosensitizers. Extracting clinically relevant information from the luminescent signal requires
the development of a robust imaging model that can determine nanophosphor distributions at depth
in an optically scattering environment from surface radiance measurements. The applications of XIL
in radiotherapy will be limited by the dose-dependent sensitivity at depth in tissue. We propose a
novel geometry called selective plane XIL (SPXIL), and apply it to experimental measurements in
optical gel phantoms and sensitivity simulations.
Methods: An imaging model is presented based on the selective plane geometry which can deter-
mine the detected diffuse optical signal for a given x-ray dose and nanophosphor distribution at depth
in a semi-infinite, optically homogenous material. The surface radiance in the model is calculated
using an analytical solution to the extrapolated boundary condition. Y2O3:Eu

3+ nanoparticles are syn-
thesized and inserted into various optical phantom in order to measure the luminescent output per
unit dose for a given concentration of nanophosphors and calibrate an imaging model for XIL sensi-
tivity simulations. SPXIL imaging with a dual-source optical gel phantom is performed, and an itera-
tive Richardson–Lucy deconvolution using a shifted Poisson noise model is applied to the
measurements in order to reconstruct the nanophosphor distribution.
Results: Nanophosphor characterizations showed a peak emission at 611 nm, a linear luminescent
response to tube current and nanoparticle concentration, and a quadratic luminescent response to tube
voltage. The luminescent efficiency calculation accomplished with calibrated bioluminescence
mouse phantoms determines 1.06 photons were emitted per keV of x-ray radiation absorbed per g/
mL of nanophosphor concentration. Sensitivity simulations determined that XIL could detect a con-
centration of 1 mg/mL of nanophosphors with a dose of 1 cGy at a depth ranging from 2 to 4 cm,
depending on the optical parameters of the homogeneous diffuse optical environment. The deconvo-
lution applied to the SPXIL measurements could resolve two sources 1 cm apart up to a depth of
1.75 cm in the diffuse phantom.
Conclusions: We present a novel imaging geometry for XIL in a homogenous, diffuse optical envi-
ronment. Basic characterization of Y2O3:Eu

3+ nanophosphors are presented along with XIL/SPXIL
measurements in optical gel phantoms. The diffuse optical imaging model is validated using these
measurements and then calibrated in order to execute initial sensitivity simulations for the dose-depth
limitations of XIL imaging. The SPXIL imaging model is used to perform a deconvolution on a
dual-source phantom, which successfully reconstructs the nanophosphor distributions. © 2017 Amer-
ican Association of Physicists in Medicine [https://doi.org/10.1002/mp.12470]
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1. INTRODUCTION

X-ray-induced luminescence imaging (XIL) is an emerging
imaging modality that employs lanthanide-doped nanophos-
phors that emit near-infrared light in response to their exposure
to x-ray radiation. This technique has a number potential appli-
cations in molecular imaging1 and in the context of radiother-
apy, where the nanoparticles could serve as nanodosimeters,2

sources of optical photons for deep-tissue photodynamic ther-
apy,3–5 theranostics for monitoring drug delivery,6 or as direct
radiosensitizers.7 The ability to image the distribution of the
nanoparticles would enable verification of nanoparticle deliv-
ery and allow for proper dosimetric calculations.

Image acquisition in XIL has generally focused on the use
of a first-generation tomographic geometry in which a pencil
beam of x rays stimulates emission of luminescent photons
along a line through the object. The total detected optical
counts provide an estimate of the line integral through the
nanoparticle distribution. The sinogram needed for tomo-
graphic reconstruction is acquired one line integral at a time
by translating and rotating the object. This process is gener-
ally referred to as x-ray luminescence computed tomography
(XLCT).8–11 Previous work focused on smaller specimen
imaging has employed a microbeam x-ray source and optical
detection via a multiple pinhole geometry.12

Here, we present a selective plane x-ray-induced lumines-
cence (SPXIL) geometry using a sheet beam excitation source
that constrains XIL to a cross-section within the object. A cam-
era with imaging axis perpendicular to the sheet can then
directly image the surface radiance due to the emissions from
the illuminated plane. This geometry allows direct imaging
without the need to rotate the object or the x-ray source. Further-
more, as compared to the so-called cone-beam techniques in
which the whole object is irradiated,13–15 this technique reduces
the reconstruction from an ill-posed, three-dimensional diffuse
optical reconstruction to a two-dimensional image restoration
that further simplifies to a two-dimensional deconvolution when
the sheet beam is parallel to a flat imaging surface in an opti-
cally homogenous material. Thus, SPXIL offers the ability to
directly image a specific region as opposed to irradiating the
entire surrounding tissue for XIL tomographic reconstruction.

A selective plane x-ray geometry combined with a deconvo-
lution-based reconstruction has been investigated experimen-
tally with Cherenkov luminescence-activated fluorophores.16,17

Numerical simulations using a fan-beam x-ray geometry to
constrain XIL to a cross-section in the mouse have been
explored previously.18 Here, we present the first experimental
results of using a selective plane geometry in optical diffuse
phantoms for XIL imaging and characterize its potential sensi-
tivity limitations as a function of dose and depth.

2. MATERIALS AND METHODS

2.A. Selective plane illumination geometry

The SPXIL employs a sheet beam of x rays produced by
slit collimation to selectively excite a plane within the object.

Nanophosphors in the illumination cross-section lumines-
cence, and a camera positioned on an imaging axis orthogo-
nal to the selective plane detects the surface radiance from
the XIL. This represents a single image acquisition for SPXIL
as depicted in Fig. 1(a). The object is subsequently translated
through the selective plane of illumination in step sizes equal
to the thickness of the planar x-ray sheet at isocenter. The
resulting image stack is a three-dimensional representation of
detected surface radiance for varying source depths. With
knowledge of the tissue optical properties, image restoration
or deconvolution techniques can take advantage of the known
depth of selective x-ray excitation to reconstruct the three-
dimensional nanophosphor distribution from the stack of sur-
face radiance measurements.

2.B. Imaging model

2.B.1. Luminescence generation

The XIL at depth in the tissue is proportional to the x-ray
radiation dose absorbed by the nanoparticles and the
nanophosphor concentration and thus the emitted number of
photons at a point x, y, z is given by

P x; y; zð Þ ¼ aDNP x; y; zð ÞqNP x; y; zð ÞaNP (1)

Here, DNP is the dose absorbed by nanoparticles in J/kg,
qNP(x,y,z) is the density of nanoparticles in g/cm3, and aNP
the luminescence efficiency in (photons/keV)/(g/cm3). This
varies with nanophosphor composition and fabrication tech-
nique. For example, coating europium-doped nanophosphors
with silica has been shown to increase their luminescent
output.19

The prefactor a is a constant converting J to keV and g to
kg. We assume that the nanoparticles are present in suffi-
ciently small concentrations that they do not significantly per-
turb the dose distribution in the medium and thus the dose to
nanoparticles is related to the dose to nearby tissue by the
ratio of the nanoparticle and tissue mass energy-absorption
coefficients. The doses reported in the paper are the doses to
tissue.

2.B.2. Optical diffusion for semi-infinite uniform
medium

The x-ray-induced luminescence in the tissue diffuses
before it reaches the surface. For an optically homogeneous,
semi-infinite medium, this diffusion is governed by the opti-
cal absorption coefficient la and the reduced scatter coeffi-
cient l0s of the material. The semi-infinite medium
approximates an imaging environment with a flat imaging
surface in which the imaging depth is small relative to the
total size of the object. As outlined by Rice et al., the model
for the normalized surface radiance is obtained from the ana-
lytical solution to the extrapolated boundary condition for a
point source at depth in a turbid medium, such as tissue.20 In
this simplified representation, the surface radiance N(r,z) is a
function of the depth of the light source z and the radial
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distance r from the point source axis as seen in Fig. 2(a). An
extrapolated boundary zb marks the halfway point between a
source and a sink gradient for diffuse light to travel from out
of the tissue.21,22 It is a function of la and l0s, along with the
effective reflection coefficient Reff. which is 0.493 for the tis-
sue–air interface.22 The normalized surface radiance is shown
in Eq. 2, and Table I explains the various terms listed
therein.
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2.B.3. Selective plane convolution

The selective plane geometry excites nanophosphors at a
fixed depth z0 in the tissue when it is oriented parallel to the
imaging surface with thickness zs. We assume the x-ray-acti-
vated nanophosphors operate as a collection of radiant point
sources in the illumination plane. The surface radiance
f x0; y0ð Þ can be written as a two-dimensional convolution of
the luminescent photon distribution P(x,y,z) in the selective
plane of x-ray illumination with the Green’s function for a
luminescent point source at depth z.

f x0; y0ð Þ ¼ R1
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The integral over z simply averages over the finite slice
thickness.

2.B.4. Surface radiance optical signal detection

The final step in the model is detecting the surface radiance
with the lens and camera pixel array. Equation 4 defines the
average photons incident on pixel j in the array located at xj,yj.

gJ ¼ p
4

1

1þ jmjð Þ2N2
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ZZ
f ðx0; y0Þ

rect
x0 � xj
e=m
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� �
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TABLE I. Distance and optical property parameters outlined by Rice et al.20

and used to calculate the normalized surface radiance in Eq. 2.

Normalized surface radiance
equation parameter Equation Units

Diffusion coefficient, D 1
3 laþl0sð Þ cm

Effective attenuation coefficient, leff
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3la l0s þ la

� �q
cm�1

Effective reflection coefficient, Reff 0.493 Dimensionless

Extrapolated boundary, zb
1þReff

1�Reff

2
3 laþl0sð Þ cm

Distance from true image source
to surface, r1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 þ z2

p
cm

Distance from surface to virtual
image sink, r2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 þ zþ 2zbð Þ2

q
cm

FIG. 1. (a) Selective plane x-ray-induced luminescence (SPXIL) imaging geometry. A planar x-ray source selectively excites nanophosphors in an object and a
camera on an imaging axis orthogonal to the planar x-ray source detects the surface radiance from the x-ray-induced luminescence. (b) Experimental SPXIL
imaging setup with optical gel phantom using a cooled CCD and f/2.8 macro lens. A slit aperture is attached to the x-ray source collimator and rudimentary lead
shielding and leaded glass around the camera are used to reduce x-ray interactions with CCD sensor. [Color figure can be viewed at wileyonlinelibrary.com]
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The equation is adapted from one derived by Barrett and
Myers.23 The double integral accounts for averaging of the
surface radiance over camera pixels of size e, mapped into
object space by the lens magnification factor m. The terms
before the integral represent the fractional solid angle sub-
tended by the lens. Here, N represents the lens f-number and
hj is the angle of pixel j off the central imaging axis. This
imaging geometry is depicted in Fig. 2(b).

2.C. Experimental XIL/SPXIL imaging

2.C.1. Nanophosphor fabrication

The nanophosphors studied in our XIL/SPXIL imaging
were yttrium oxide crystals doped with europium (Y2O3:
Eu3+). The synthesis combines yttrium nitrate (0.4 M) and
europium nitrate (0.03 M) using a general urea homogeneous
precipitation method wherein the solution is stirred at 85 °C
for 4 h.19 Next, a centrifuge separates the precipitate and
solution and the product is left to dry overnight at 110 °C.
Finally, the nanoparticles are annealed at 1000 °C for 4 h to
complete the synthesis. UV lamp illumination of the nanopar-
ticles confirms the phosphorescent properties of the final
product.

2.C.2. Nanophosphor characterization

Approximately 5 mg of nanoparticles were dissolved in
an aqueous solution inside a cuvette. The cuvette interfaced
with a fiber optic cable connected to the spectrometer (USB-
4000, Ocean Optics). The sample was irradiated with an
unfiltered beam in a small animal irradiator (225Cx, Preci-
sions X-ray) with a tube voltage of 125 kVp and tube current
of 23 mA to record the spectral emission of the XIL.

The next step in characterization of the nanophosphors
was to test their luminescent output as a function of their con-
centration and radiation dose. The luminescence was mea-
sured using a cooled CCD camera (CoolSNAP HQ2,
Photometrics) equipped with a macro lens (DX Micro-NIK-
KOR, Nikon, Melville, NY, USA). The camera was set up
inside the irradiator and shielded with lead sheets and leaded
glass to reduce spurious counts from scattered x rays interact-
ing directly with the CCD sensor.

X-ray tube current was used as a proxy for dose. A cuvette
containing a concentration of 5 mg/mL of nanophosphors
dissolved in ethanol was exposed to unfiltered x rays for 20 s
with the tube current varying from 1 to 15 mAwith a constant
tube voltage of 100 kVp. Five acquisitions at each tube cur-
rent were averaged for noise reduction. The XIL signal was
quantified by averaging the pixel values over a 15 pixel by 15
pixel region of interest (ROI) of uniform luminescence in the
cuvette. This process was repeated with a fixed tube current
of 13 mA, while tube voltage was varied from 40 to 225 kVp.

The same experimental arrangement was then used at
varying nanophosphor concentrations ranging from 10 mg/
mL to 0.05 mg/mL. The cuvettes were exposed for 20 s with
the unfiltered x-ray source operating at 70 kVp tube voltage

and 20 mA tube current. The XIL images from four expo-
sures were averaged per concentration and the mean pixel
value in a ROI of uniform luminescence in the cuvette deter-
mined the resultant XIL.

2.C.3. Luminescent efficiency aNP measurement

The luminescent efficiency of the nanophosphors was
calculated from measurements using a bioluminescence cali-
bration mouse phantom containing LEDs of known photon
output, and an identical fluorescence calibration mouse
phantom (sans LEDs) that allowed insertion of capillary
tubes bearing out Y2O3:Eu

3+ nanoparticles (XPM-2 and
XFM-2, Perkin-Elmer). A capillary tube containing 10.5 mg
of nanophosphors was inserted into the optically homoge-
nous fluorescence calibration mouse phantom so that the
XIL source sat 0.4 cm below the surface on the phantom.
A CT of the mouse phantom confirmed the depth of the
XIL source and measured the volume occupied by the
nanophosphors in order to calculate their concentration. The
mouse phantom was irradiated for 20 s at a tube voltage of
70 kVp and a tube current of 40 mA with a 2.8 mm Al fil-
tering of lower energy x rays. A dosimetry measurement
using a calibrated A-12 ionization chamber determined the
surface dose for these x-ray tube settings. An x-ray tube
spectrum simulator (Siemens Healthcare GmbH, Erlangen,
Germany) was then used to determine the mean x-ray
energy at the depth in the mouse phantom and the air kerma
transmission factor. These factors determined the tissue dose
to the region with the nanophosphors and a mass energy-
absorption coefficient ratio determined the dose absorbed
by the high-Z nanophosphors.

The corresponding bioluminescence calibration mouse
phantom containing an isotropic LED source of known
photon output and at the same depth as the nanophosphor
point source was used to quantitate the photon count of the
XIL measurement. The surface radiance of the matching
portion of the mouse phantom was imaged with the camera
for 20 s while the LED source was on. Surface radiance
profiles for both the LED and XIL measurements were
measured from the images. Simulated surface radiance pro-
files were generated using the diffuse optical model out-
lined in Section 2.B.2 in order to correct for the change in
optical scattering and absorption for the LED emission
shift. The surface radiance measurement and correction fac-
tor then determined a quantitative photon output from the
XIL source. This result along with the concentration and
dose calculation were used to derive the luminescent effi-
ciency of the nanophosphors.

2.C.4. Optical phantoms for XIL/SPXIL imaging

A simple nonscattering optical phantom was fabricated in
order to demonstrate the imaging geometry of SPXIL. A
catheter tube was filled with the nanophosphors in an aque-
ous solution and wrapped around a test tube which created a
spiral phantom. A slit collimator was manufactured using a
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Cerrobend disk. Radiochromic film measurements showed
the x-ray selective plane to be 1 mm thick at the irradiator’s
isocenter. The spiral phantom was translated in 1-mm steps
through the plane of illumination with a SPXIL image
acquired at each step.

Optically homogenous gel phantoms provided a simple
model to experimentally test the diffuse imaging equations
for the nanophosphors at depth in a turbid medium. This gel
phantom was also used to validate the SPXIL imaging geom-
etry for diffuse imaging and perform a deconvolution-based
image restoration. A typical XIL/SPXIL imaging setup inside
the small animal irradiator is shown in Fig. 1(b). Gel phan-
toms were constructed using agar along with Intralipid and
black India ink, which emulate the optical scattering and
absorption of mammalian tissue, respectively. The phantom’s
optical absorption and reduced scattering coefficients were
adjusted by varying the concentration of the Intralipid and
black ink so that the phantom possessed optical properties
similar to mammalian tissue.24,25 An agar gel phantom was
fabricated with 0.5% Intralipid, and 0.0025% black India ink,
which approximately corresponds to 0.25 cm�1 optical
absorption coefficient and 5 cm�1 reduced scattering coeffi-
cient for the nanophosphors emission wavelength.

2.C.5. Postprocessing

The XIL acquired within the small animal irradiator
exhibit “hot pixel” noise from x rays interacting with the
CCD sensor due to imperfect shielding around the camera.
This x-ray-induced noise creates a pixel value much greater
than the surrounding pixels in the image. The hot pixels
were identified by using a histogram of the raw images and
they were replaced with the median value of their neighbor-
ing pixels. A dark image was created by averaging multiple
images with no light, but the same exposure time as the
XIL/SPXIL measurements and this was then subtracted
from the XIL/SPXIL images in order to remove dark cur-
rent contributions from the CCD sensor and the pixel value
bias offset of the CCD array. The final images then had
pixel values that were the results of only the detected lumi-
nescence so that XIL images for different source depths
could be compared quantitatively in terms of the relative
luminescent intensity.

2.D. Model calibration and sensitivity predictions

The XIL images acquired with the 10.5 mg nanophosphor
source and diffuse optical gel phantoms were used to cali-
brate the imaging model outlined in Section 2.B. The cali-
brated model was then used to produce simulated XIL
images for nanophosphor sources with varying concentra-
tions, depths, radiation doses, and optical environments. The
XIL images were simulated for the experimental setup with
the cooled CCD and macro lens, and for a theoretical config-
uration using an EM-CCD (iXon 897, Andor, Concord, MA,
USA), larger aperture lens (EF 50 mm f/1.0 USM, Canon,
Melville, NY, USA), and nanophosphors with a greater lumi-
nescent efficiency shown in Table II. The luminescent effi-
ciency assumed for the brighter nanophosphors is based on
the paper of Pratx et al.,8 which was calculated from the
properties of bulk Gd2O2S:Tb.

26 The simulations determined
the photon counts on the cameras’ sensor arrays and this was
used to then calculate signal-to-noise ratios for the simulated
concentration, optical, dose, and depth parameters using Eq.
5. The noise factor F accounts for counting noise amplifica-
tion in the EM-CCD.

S
N

� �2

¼
X
j

DQEgJð Þ2

F2 DQEgJ þ d2dark
� �þ d2readout

M2

(5)

2.E. Deconvolution methods for SPXIL imaging

The selective plane illumination constrains the x-ray-
induced luminescence to a fixed depth in the object. Knowl-
edge of the imaging depth along with the optical properties
of the material determines the normalized surface radiance
using Eq. 2. This represents the point spread function for a
luminescent point source in an optically homogeneous, semi-
infinite medium. Deconvolution with the detected surface
radiance and the PSF allows for reconstruction of the
nanophosphor distribution in the plane of excitation. The
optical signal detection suffers from Poisson counting noise
along with Gaussian dark and readout noise from the camera
electronics. Since the sum of a Poisson distribution and a
Gaussian distribution does not yield a tractable likelihood

FIG. 2. (a) Schematic showing induced luminescence P(x,y,z) at depth z via the selective plane and the normalized surface radiance at point N(r,z) for a point
source at that location. (b) Detection of the surface radiance with CCD array via lens with f-number N and magnification m.
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function, we employ the shifted Poisson model,27,28 in which
the pixel value offset bias b is subtracted and the Gaussian
noise variance r2 added to each measurement.

~g ¼ g� bð Þ þ r2½ �2 (6)

The resulting modified measurement is then approxi-
mately Poisson in that its mean equals its variance and it
matches the first two moments of the true distribution.

A maximum likelihood Richardson–Lucy deconvolu-
tion29,30 was then applied with update:

f iþ1 ¼ f i kT � ~g
k�f iþr2

� �
(7)

Here, f i is the image estimate at iteration i, and k is the PSF
for a luminescent point source at the depth of selective plane
excitation, obtained by appropriate discretization of Eq. 2.
The iterations were stopped when the L2 norm of the differ-
ence between consecutive iterations was less than 10�6.

3. RESULTS

3.A. Characterization of nanoparticles

Spectroscopy measurements of the irradiated nanophos-
phors shown in Fig. 3(a) exhibited a central peak emission at
611 nm with secondary peaks centered on 590 nm, 627 nm,
and 709 nm. These values are consistent with the literature on
Y2O3:Eu

3+ nanoparticles.2,19 The phosphorescence demon-
strated a linear dependence on both the nanoparticle concen-
tration in Fig. 3(b) and the x-ray tube current in Fig. 3(c),
which is consistent with research studying other Eu- and Tb-
based nanophosphors.31 These results validate the basis of
Eq. 1, which determines the photons generated a depth in tis-
sue from SPXIL. Finally, luminescent output was quadratic
with respect to tube voltage as shown in Fig. 3(d). The domi-
nant effect with this result is likely the quadratic relationship
between tube voltage and the tube’s output photon flux.

The CT volume measurement showed the 10.5 mg
nanophosphor source occupied 5.8 9 10�3 cm3 inside the
optical mouse phantom. Therefore, the concentration of the
nanoparticles was 1.8 g/cm3. The ionization chamber mea-
surement of the x-ray tube settings determined the surface
dose to be 95.3 cGy. The x-ray tube simulator calculated the
mean x-ray energy at 1.27 cm depth in the mouse phantom to
be 43.4 keV with an air kerma transmission factor of 0.639.
The density of the plastic mouse phantom was 1.11 g/cm3.
The radiation dose to the nanophosphor source after correct-
ing for their effective atomic number of Z = 38 was deter-
mined to be 4.2491014 keV/g. Finally, the XIL nanophosphor
source was determined to be 2.9 times brighter than the cali-
brated LED source in the mouse phantom after correcting for
the difference in optical photon diffusion at the different
wavelengths of the two sources. This correction was calcu-
lated as a ratio between simulated normalized surface radi-
ances for the nanophosphors’ emission of 611 nm and the
LED’s emission of 635 nm using the corresponding wave-
length-dependent optical absorption and scattering coeffi-
cients of the mouse phantoms as provided by the
manufacturer. Therefore, the XIL surface radiance measure-
ment determined that the nanophosphors emitted 5.22 9 1012

photons during the 20 s x-ray exposure. The known photon
output and dose measurement was then used to calculate the
luminescent efficiency of the nanophosphors using Eq. 1,
which was aNP = 1.06 (photon/keV)/(g/cm3). This value is of
the same order of magnitude as other inorganic scintillators
when their light yield is scaled by their bulk crystal density.26

3.B. XIL model calibration with optical gel phantom

The 10.5-mg nanophosphor source was inserted into an
optical gel phantom and CT scan measurements determined
the depths to be 1.6 cm, 2.2 cm, and 2.6 cm as shown in
Figs. 4(a)–4(c). TLD dosimetry measurements in a gel phan-
tom determined the dose to the gel phantom in the region of
the nanophosphors to be 33.8 cGy for a 20 s exposure with
a tube voltage of 70 kVp and tube current of 40 mA. The
corresponding surface radiance measurements for the three
depths are shown in Fig. 5. These images represent multiple
surface radiance measurements averaged together after the
postprocessing described in Section 2.C.5.

The XIL model was used to generate surface radiance pro-
files based on the optical properties of the gel phantom along
with the experimental CCD camera and lens specifications.
The simulation was then scaled with a calibration factor to
account for light loss in the lens and leaded glass along with
other unknown instrumental factors. Note that Rice et al. also
implicitly renormalized the surface radiance curves in a simi-
lar fashion in their study of bioluminescence sensitivity.20 A
single calibration factor could not properly scale the curves at
all three depths. The scaling factors listed in Table III exhib-
ited a depth dependence that may be due to additional
absorption losses. Figure 6 shows the detected surface radi-
ance profiles for the three source depths and the simulated
surface radiance profiles with each simulated profile

TABLE II. CCD and EM-CCD camera parameters used to calculate the sig-
nal-to-noise ratios in simulated XIL images. The cooled CCD camera with f/
2.8 lens was used in experimental measurements with optical gel phantoms
and the EM-CCD camera with f/1.0 lens was used to delineate the upper lim-
its of XIL imaging sensitivity by simulating optimal hardware.

Imaging system
parameters

Cooled CCD with
f/2.8 lens EM-CCD with f/1.0 lens

f-number, N 2.8 1.0

Quantum efficiency, DQE 60% 95%

Pixel Size, e 6.45 lm 13 lm

Imaging array size 1392 9 1040 512 9 512

Pixel binning 8 9 8 4 9 4

Dark current, ddark 0.001 e-/pixel/s 0.00015 e-/pixel/s

Read noise, dreadout 4.5 e- rms 15 e- rms

Gain,M 1 1000

Noise factor, F 1 1.41

Luminescent
efficiency, aNP

1.06 photons/ke
V/(g/cm3)

8.06 photons/keV/(g/cm3)
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individually scaled to their corresponding measurement. The
agreement of the simulation profile widths with the measured
data demonstrates the photon diffusion modeling accurately
predicts the spreading of the optical signal as the photons
scatter on their path toward the imaging surface.

Rather than introducing a depth-dependent calibration
factor in the detection sensitivity estimates, we scaled the

model so that the surface radiance peak value for the 2.2-cm
depth source simulation matched the peak height for the
XIL measurement. This leads to an overestimation (~60%)
of the signal at 1.6 cm and an underestimation (~40%) of
the signal at 2.6 cm depth. Since our interest is in determin-
ing the imaging depth limits, this scaling ensures that the
predictions will be somewhat conservative at greater depths.

(a) (b)

(c) (d)

FIG. 3. (a) Y2O3:Eu
3+ nanophosphor emission spectrum with central peak emission at 611 nm. The measured luminescence was linear with respect to nanoparti-

cle concentration shown in (b). Similarly, the luminescence was linear with respect to the tube current shown in (c), implying luminescence is proportional to
radiation dose. Luminescence increased quadratically with respect to tube voltage as seen in (d).

FIG. 4. CT slices of the 10.5 mg nanophosphor source in the optical gel phantom. XIL surface radiance images were acquired with the source at the depths of
1.6 cm (a), 2.2 cm (b), and 2.6 cm (c) below the imaging surface.

FIG. 5. XIL surface radiance images were acquired with the source at the depths of 1.6 cm (a), 2.2 cm (b), and 2.6 cm (c) below the imaging surface. The dark
spots in the XIL measurement were caused by dust on the camera’s imaging window.
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3.C. Detection sensitivity estimates

The calibrated simulation was then used to generate sur-
face radiance measurements for varying depths, concentra-
tions, radiation doses, and imaging environments using both
the experimental CCD camera and lens setup along with the
theoretical configuration with improved detection hardware
as listed in Table II. The corresponding signal-to-noise ratios
(SNRs) were calculated using Eq. 5, the simulated incident
photon count on each pixel, and camera sensor specifications.
The minimum detectable signal was set at a SNR threshold
of five. Figure 7 displays the SNR curves for nanophosphor
concentration versus depth using the experimental radiation
dose of 33.8 cGy and the optical properties of the experimen-
tal gel phantom. The simulated theoretical configurations are
split into a setup with improved detection hardware with the
experimental nanophosphors and a setup utilizing improved
hardware and brighter nanophosphors. The theoretical setup
with more sensitive equipment and brighter nanoparticles
decreases the minimum concentration for detection by
approximately three orders of magnitude compared to the
experimental setup with the synthesized nanoparticles.

Figure 8 depicts the SNR curves for radiation dose vs the
depth of a nanophosphor point source with a concentration of

1 mg/mL. The theoretical configuration in the dose vs depth
simulation employs improved detection hardware and
brighter nanophosphors. Both the experimental and theoreti-
cal setup curves show the minimum detectable dose for the
optical properties of the experimental gel phantom
(la = 0.25 cm�1, l0s = 5 cm�1), and a phantom that absorbs
and scatters more light (la = 0.5 cm�1, l0s = 10 cm�1).

3.D. Selective plane x-ray-induced luminescence
imaging results

The nonscattering phantom demonstrated a simple proof-
of-concept validation for the SPXIL imaging geometry. The

TABLE III. Depth-dependent scaling factor used in Fig. 6 in order to match
the simulated surface radiance height with the measured surface radiance.
The simulated surface radiances overestimated the measured pixel values for
each depth. Therefore, the simulated surface radiances were divided by the
scaling factors.

Source depth (cm) Scaling factor

1.6 170

2.2 105

2.6 64.4

FIG. 6. Experimental XIL surface radiance profiles of the optical gel phan-
tom with the corresponding simulated profiles for a point source at the depths
of 1.6 cm, 2.2 cm, and 2.6 cm. Each simulated surface radiance profile is
individually scaled to the approximate peak of the corresponding measure-
ment. The analytical optical diffusion model accurately predicts the FWHMs
of the surface radiance profile measurements.

FIG. 7. Minimum detectable concentration vs depth of nanoparticles for the
experimental setup, a theoretical setup using a f/1.0 lens and an EM-CCD
camera, and a theoretical setup with the f/1.0 lens, EM-CCD camera, and
brighter nanophosphors.

FIG. 8. Minimum radiation dose for signal detection versus depth for a
1 mg/mL point source for the experimental setup and the theoretical configu-
ration with more sensitive equipment and brighter nanophosphors. Each
setup includes curves for the optical properties of the experimental gel phan-
tom and for a greater optically scattering and absorbing environment.
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phantom, depicted in Fig. 9(a), was moved in 1 mm steps
through an x-ray sheet beam in order to acquire individual
slices of the XIL images shown in Figs. 9(b)–9(d). These
slices were arranged in an image stack and the orthogonal
maximum intensity projection recovered the original form of
the twisting catheter tube containing nanophosphors as seen
in Fig. 9(e).

Next an optically scattering gel phantom was fabricated
containing two test tubes with nanophosphor dispersed in an
agar gel. The test tubes were 4 mm wide with their centers
separated by 1 cm. The tips of the test tubes sat 0.5 cm below
the imaging surface. Figure 10(a) depicts the CT maximum
intensity projection of the two test tubes in the gel phantom.
The 2.5-mm-thick collimated x-ray sheet beam impinged on
the phantom perpendicular to the projection in Fig. 10(a) and
parallel to the imaging surface seen at the top of the CT pro-
jection. The phantom was irradiated for 20 s with a tube volt-
age of 140 kVp and a tube current of 20.9 mA. The selective
plane illuminated at a depth of 0.5 cm below the imaging sur-
face in the phantom and was translated 0.25 cm deeper for
each consecutive image until there was no longer a detectable
signal present. A total of eight SPXIL images were acquired.

The SPXIL images after postprocessing are shown in
Figs. 11(a)–11(c) for three depths. The corresponding decon-
volutions are shown in Figs. 11(d)–11(f). After 2.0 cm depth
in the phantom, the x-ray sheet beam and deconvolution
could no longer resolve the two distinct sources. The decon-
volved SPXIL images were arranged in a stack to create a
three-dimensional reconstruction of the two nanophosphor
sources. Figure 10(b) shows the maximum intensity projec-
tion of the SPXIL image stack after postprocessing and
Fig. 10(c) shows the SPXIL image stack after deconvolution.

4. DISCUSSION

The dose vs depth sensitivity simulation predicted that,
with an optimized geometry, improved hardware, and
brighter nanoparticles, a concentration of 1 mg/mL could be
detected with a dose of about 1 cGy at a depth from 2 to
4 cm depending on the tissue optical properties. The experi-
mental and simulated gel phantoms used in this sensitivity
evaluation do not represent a specific tissue, but rather
demonstrate diffuse imaging in a turbid material with optical

properties within the range of biological tissue.25 The simula-
tion with the current experimental hardware and nanophos-
phors indicates a minimum dose of 106 cGy to achieve signal
detection at comparable depths for a concentration of 1 mg/
mL. Therefore, a setup comparable to the theoretical configu-
ration with a high degree of sensitivity is required in order to
carry out XIL imaging using clinically relevant radiation
doses and nanophosphor concentrations.

Potential applications under such conditions could include
intratumoral injections to treat relatively superficial head and
neck cancers. Similar concentrations of metal-oxide frame-
work nanoparticles studied as photodynamic therapy light
sources have been tested in vivo using a murine model in
order to develop a therapy for resistant head and neck can-
cers.32 These nanoparticles also exhibit radioluminescence,33

so that their localization could be roughly determined from
surface radiance measurements for a radiation-activated pho-
todynamic therapy treatment. Such imaging could potentially
be achieved under normal light conditions in the clinic since
Cherenkov luminescence has been detected under ambient
lighting by timing the camera acquisitions with the LINAC
waveform pulses.34

The XIL measurements in the gel phantom with the point
source of a fixed concentration allowed for the calibration of
the imaging model, which was then used for the sensitivity
evaluations. There was no depth information in these XIL
surface radiance measurements, because the phantom was
fully irradiated. It is not possible to determine a potential
three-dimensional source distribution in the object from a
two-dimensional surface radiance measurement. The SPXIL
measurements, however, were able to reconstruct the two
tubes from the surface radiance measurements, because the
selective plane constrained the luminescence to a known
cross-section in the object. Applying a deconvolution allowed
for the two sources to be resolved up to a depth of 1.75 cm in
the optical gel phantom. The SPXIL measurements were able
to determine the three-dimensional nanophosphor distribu-
tion as seen in Fig. 11(c), which would be impossible for an
XIL measurement in which the entire phantom is irradiated at
once.

The results presented here focused on optically homoge-
nous materials, which allowed rapid, tractable sensitivity cal-
culations. Expanding the studies to optically heterogeneous

FIG. 9. (a) White light image of the nonscattering optical phantom. (b), (c), and (d) are individual SPXIL images of the phantom. (e) The z-projection of the
image stack, which reconstructs the twisting tube from the individual slices. [Color figure can be viewed at wileyonlinelibrary.com]
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materials would affect both our sensitivity simulations and
our SPXIL imaging model. The selective plane imaging
model would no longer involve a simple convolution. How-
ever, constraining the luminescence to a known depth would
still result in the surface radiance being a two-dimensional
integral equation involving the nanophosphor distribution in
the plane of excitation. The kernel of that imaging equation,
no longer shift invariant, would then depend on the optical
properties of the heterogeneous material.18 A noninvasive
surrogate method of estimating these optical properties could
potentially come from existing MR or CT imaging of the
treatment area, so that the anatomical information could be
incorporated into the inverse problem.35

Another limitation of this work is the assumption of a flat
imaging surface. Surface radiance measurements in small
animals or patients would rarely involve a relatively smooth,
flat surface. Along with being optically heterogenous, the
imaging surface would contain some curvature which would
affect the resulting surface radiance measurement. There is
no simple analytical solution for diffuse optical imaging mov-
ing away from the semi-infinite air–tissue interface with no

curvature. Monte Carlo simulations have been used to model
the effect of curvature on Cherenkov luminescence at the
imaging surface.36 This modeling could be extended to XIL
and SPXIL imaging in order to account for nonflat surfaces.

5. CONCLUSIONS

This work outlines a convolution-based imaging model for
SPXIL in a semi-infinite optically homogenous environment.
The selective plane excitation geometry was verified using a
simple nonscattering phantom filled with x-ray-activated
nanophosphors. We then presented the first experimental
SPXIL imaging results in a diffuse phantom using deconvo-
lution to resolve dual nanophosphor sources at depth. The
selective plane geometry allowed for a three-dimensional,
direct imaging of the dual nanophosphor sources from two-
dimensional surface radiance measurements. The linearity of
the XIL signal with nanophosphor concentration and radia-
tion dose was verified with basic characterization measure-
ments. The emission spectrum of Y2O3:Eu

3+ nanophosphors
was measured via optical spectroscopy, and a simple

FIG. 10. (a) CT maximum intensity projection of the two test tubes containing the nanophosphors suspended in agar. The test tubes were embedded in the optical
gel phantom with the tips sitting 0.5 cm below the images surface. A selective x-ray plane orthogonal to these images and 2.5-mm-thick irradiated the phantom
and eight SPXIL images of the surface radiance were acquired. (b) Maximum intensity projection of the SPXIL image stack before deconvolving. (c) Maximum
intensity projection of the SPXIL image stack after deconvolution. The two tubes are resolved in the deconvolution up to 1.75 cm below the imaging surface.

FIG. 11. Two source phantom SPXIL surface radiance images for depths 1.0 cm (a), 1.5 cm (b), and 2.0 cm (c) with corresponding deconvolved images (d), (e),
and (f). It was not possible to resolve the two point sources from the raw surface radiance measurements after a selective plane depth of 1.0 cm. However, the
deconvolution was able to resolve the two point sources up to a depth of 1.75 cm.
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measurement using a commercially calibrated biolumines-
cence mouse phantom, offered an estimate of the luminescent
efficiency of the synthesized nanophosphors. XIL measure-
ments of a point source in an optical gel phantom were then
used to calibrate the imaging model so that surface radiance
simulations could be generated for various source depths,
radiation doses, nanophosphor concentrations and optical
properties. These simulations were then used for signal-to-
noise calculations that evaluated the sensitivity for this imag-
ing modality under the ideal circumstance of an optically
homogenous medium with a flat surface. Future work will
seek to expand to optically heterogenous materials with
curved surfaces using a more general imaging model for the
selective plane illumination imaging geometry.
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