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HIGHLIGHTS

e Optimal detection of gold nanoparticles in tumors.
e Monte Carlo simulation of in vivo XRF spectroscopy in biomedical application.
e Improve in the detection limit and uncertainty of Kp X-ray fluorescence line.
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ABSTRACT

This study examines the increase in the capacity to detect gold nanoparticles in tumor tissue using X-rays
from orthovoltage sources. The analyzed methodology considered aspects of geometry and composition
in accordance with those required in real clinical treatment applications. The results show that a geo-
metrical backscatter configuration, an incident spectral energy synthesized to optimize statistical para-
meters and adequate background subtraction allow for a significant increase in the signal to noise ratio
(SNR) of the secondary Kf3 lines. This increase is greater than those currently reported for traditional Kot
lines. Furthermore, these conditions also produce an increase in detection sensitivity, less uncertainty in
results and shorter exposure times. The proposed methodology was evaluated using XMI-MSIM software
for the Monte Carlo simulation fluorescent response of each element. The simulation used tumors of
1-3 cm?, at a depth of 1-5 cm with a 0.1-1% gold nanoparticle concentration. The measurement time and
the skin entrance dose by the methodology were considered for allows future quantitative surface
scanning implementation.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Gold nanoparticles (GNPs) have been widely used in recent
years due to their applications as tumor markers (Hainfeld et al.,
2006; Cheong et al., 2010), therapeutic agent activation enhancers
(Wu et al., 2013; Patra et al., 2010; Jain et al., 2012), and enhancers
of the dose deposited by orthovoltage beam radiotherapy (Jain
et al,, 2012; Roeske et al., 2007). The above has motivated research
into a way in which to combine simultaneous identification and
treatment of tumor tissue in one procedure. The main problem
involved in detecting tumors marked with GNPs by X-Ray Fluor-
escence is the low SNR owing to the depth required in clinical
cases and the dispersion caused by the tissue surrounding the
tumor (Wu et al., 2013). An increase in GNP detection capability in
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a short time period would allow for superficial scans of the tumor
area by dispositives of XRF imaging system studied for the de-
tection of another element of interest (Figueroa et al., 2014), and
the use of an orthovoltage beam would permit a focused dose to
be administered as treatment.

An optimal qualitative and quantitative analysis of gold's
fluorescence peaks requires that the SNR be increased as much as
possible in order to identify the fluorescence peaks to be used in
the calibration curves. The statistical figure of merit, however, will
be determined by the detection limit and uncertainty criteria.
These criteria will better estimate the ranges wherein a closer-to-
optimal result would be provided in an increase in the count
number along with a background increase.

The incident energy activation must be adjusted based on
Bremsstrahlung produced by the X-Ray tubes. This is done by
adjusting attenuation filters for lowest energies and tuning the
spectrum'’s average energy, regulating the maximum electric po-
tential difference applied (photons' maximum possible energy).
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The result of these configurations will be a spectrum made up of a
non-symmetrical peak centered on a maximum that may be
tuned.

As the incident signal obtained in the process is not a pure
monochromatic beam, the central energy of the spectrum that
maximizes fluorescent production will not necessarily be near the
absorption edge. If the maximum spectrum energy produced is
tuned to higher values, more photons able to produce a fluor-
escent emission will be generated. However, this also causes a shift
in the Compton peak and, therefore, an increase of the back-
ground. Evaluating as change the detection limit and uncertainty
in function of the incident energy, and weighing these two factors
will determine which is the optimal incident spectrum for the
established geometry.

In X-Ray Fluorescence (XRF) spectroscopy, the measured
spectrum must be separated into the individual elemental fluor-
escence lines, later, a net-area associated to each line should be
evaluated, in order to determine the signal’s intensity of each
element and of the background level. For this, sophisticated pro-
cedures based on linear and no-linear fitting routines are com-
monly used when the spectrum are overlapped, where each the
signal and background are modeled specially are modeled by ap-
propriate analytical and experimental curves (Moya-Riffo et al.,
2013; Santibafiez et al., 2013). Traditionally used for identification
and quantification the primary Ka fluorescence lines. This is be-
cause they have a fluorescent production section that is much
higher than secondary Kf lines. However, it is more suitable to
identify secondary peaks in experimental configurations in which
a strong background or overlap with other peaks is present. In gold
detection, its primary line strongly overlaps with the Compton
peak generated by the incident beam. This translates into a lower
SNR and in worse detection limits and higher uncertainty, espe-
cially when the element is at low concentrations. The low con-
centration of gold would require a greater concentration of these
nanoparticles in tumor tissue when employed in clinical
applications.

There are reports on methodologies that optimize the identi-
fication of gold’s Ko fluorescence signals in applications of this
type. However, the dimensions and conditions in which they have
been evaluated differ greatly from the real geometries in which its
implementation requires it be performed (Wu et al., 2013). Great
uncertainty at low concentration (concentration below 1%) has
also been reported. In the present study, optimization of gold
nanoparticles inside the tumor tissue was sought by detecting
secondary Kf} fluorescence lines and real depths and concentra-
tions. To this end, a methodology was implemented that would
optimize both detection geometry and incident spectrum. More-
over, background subtraction methodologies were carried out,
which obtained calibration curves in order to perform quantifi-
cations of identified signals.

2. Materials and methods

In order to evaluate the increase in GNP detection capacity,
XMI-MSIM Monte Carlo simulations (Schoonjans et al., 2012) were
performed using software specifically optimized for the study of
X-Ray fluorescence emission. Fig. 1 shows an illustration of the
setup.

The configuration modeled was a backscatter detection geo-
metry, with an incident spectrum generated by an X-Ray tube with
a tungsten anode operated at a potential difference in the range
from 80 to 100 kV and a tube current of 100 mA. The tube output
has a beryllium window of 125 pm and copper filters of varying
thickness. The source was placed 20 cm away from the 20 cm long
side of a cubic phantom, considering tumors of 1-3 cm? of volume,
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Fig. 1. Geometry of proposed system.

at a depth of 1-5 cm. The phantom was doped with 0.1% to 1% gold
particles (range of reported therapeutic values) (Garnica-Garza,
2009) and the simulation-measured time was 10 s. The detector
used in the simulation was a solid state LE-Ge of 5 cm of diameter
and 2 cm of thickness and a beryllium window.

The maximization of SNR was performed, evaluating the quo-
tient between fluorescence counts versus background for different
detection angles, in order to spectrally shift the Compton peak of
the area of interest. The dependence of the number of Compton
counts according to the angle was taken into account.

In order to evaluate the tuning of the incident spectrum that
would generate an optimization of spectral signal identification,
detection and uncertainty limits were used as figures of merit.
Scanning with energy was begun at the absorption edge. To this
end, maximum potential difference applied to the tube was pro-
gressively modified. A copper filter of varying thickness was put in
the tube in order to remove the lower energy photons from the
spectrum. Current intensity was also regulated so as to compare
the value of the merit figure according to the energy with the
same number of incident photons.

In order to implement a background subtraction methodology,
simulation of the tumors without gold nanoparticles was per-
formed, with the express purpose of evaluating only the scattering
distribution within spectral areas of interest. This made it possible
to subtract only the fluorescence counts from the spectra con-
taining variable concentrations of gold. Finally, calibration curves
for different depth (1, 3 and 5 cm) were obtained from the number
of fluorescent counts from determined Kb lines following removal
of the background, as a function of concentration of gold nano-
particles for therapeutically reported concentration ranges (0.1-
1%).

3. Results and discussion

Signal to noise ratio for K@ lines, in function of the detection
angle for an incident energy spectrum centered on the absorption
edge, determined that a backscatter geometry of 170° maximizes
the above relationship. This produces a great improvement in the
ability to identify the fluorescence line in an area of interest with
very low background compared to the higher intensity Ka fluor-
escence line, but in the vicinity of the maximum Compton peak.
Fig. 2 shows, in a logarithmic scale, how the shift of the Compton
peak dependent on the detection angle defines a geometry in
which it is possible to clearly isolate the Kb fluorescence line from
the background. These spectra were obtained using a 1 cm?® tumor
at 5 cm depth with a 0.1% concentration of gold nanoparticles.
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Fig. 2. Improvement in signal to noise ratio for different backscatter geometry: above (a) 90° and (b) 120°, below (c) 150° and (d) 170°.

The evaluation of the incident spectral energy that maximizes
the merit figures (which statistically discriminate the improve-
ment of fluorescence line detection) was carried out with a pro-
gressive increase of the energy on which the incident spectrum is
centered.

The Figs. 3 and 4 show that the detection limit and the un-
certainty (in arbitrary unit), associated with the identification of
the fluorescence KP peak, show a great improvement with a
minimum values in the figure of merit, which reaches for incident
spectrum energies centered between 83-84 keV. The existence of
this minimum is explained as follows: when the energy center of
the incident spectrum is shifting from the absorption edge energy
to higher values, the increment in the number of fluorescence

photon increases more strongly than does the increase in back-
ground level produced by the shift of the Compton Peak towards
the area of interest. However, for values higher than which specific
threshold energy, the shift of the Compton Peak begins an overlap
with the studied fluorescence line, thus decreasing accuracy of the
spectral identification.

For the range of depths simulated (1-5 cm) is not observed a
dependence of the energy value that minimizes the limit of de-
tection and the uncertainty with the depth (see Fig. 3), considering
as the parameters of the tubes configuration have a range of error
in the tuning peak of 0.3 to 0.4 keV. Greater depths would not be
interesting since the application of these techniques mainly re-
stricted to superficial tumors given the limited power of

Tumor of 1 cm3 at different depths
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Fig. 3. Detection limit (blue line) and uncertainty (red line) according to incident energy for a tumor of 1 cm® at different depths: (a) 1 cm, (b) 3 cm and (c) 5 cm. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Tumor at 3 cm of depth for different sizes
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Fig. 4. Detection limit (blue line) and uncertainty (red line) according to incident energy for tumors of different sizes to 3 cm of depth: (a) 1 cm?, (b) 3 cm® and (c) 5 cm>. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Spectra of the Kp line from the simulated tumors of 1 cm® to a depth of 3 cm with gold concentrations in a 0.1-1% range before and after applying background

subtraction.

penetration of the photons produced in orthovoltage sources. In
equal form, for the 3 tumor sizes studied (1, 3 and 5 cm?) is not
observed a dependence of the optimal energy value with the tu-
mor size (see Fig. 4), considering too the error in the tuning peak.

Following the developed methodology, Fig. 5 shows an ex-
ample of the spectra of the Kp line obtained for simulated tumors
of 1 cm® with gold nanoparticle concentrations in a 0.1-1% range
before and after applying background subtraction. An adequate
detection and energy activation configuration produce a high SNR
for the gold Kb line, even before background subtraction. However,
the correct discrimination between the fluorescence peak and
background signal achieved by the background subtraction
methodology makes it possible to decrease uncertainty in ana-
lyzed data and obtain more precise calibration curves.

The calibration curves for quantitative analysis, between the
number of accounts and GNPs concentration for tumors at differ-
ent depths were performed (Fig. 6). In these simulations are pos-
sible to see that when the tumor is deeper, strongly increases the
attenuation in the number of photons that reach from the phan-
tom. The attenuation allow discriminate increased in the con-
centration only of 0.1% to depths less than 5 cm (considering the
sum of the Poisson error of the background and number of total
counts). However, is shown which to depths of 5 cm or higher in
the range of 0.3-0.8% in concentration it is only possible to dis-
criminate increases with a sensitivity in the range of 0.15-0.2%.

The construction of an appropriate calibration curve requires
knowledge of preliminary information on the depth and extent of
the tumor, whenever a clinical application is performed. One ad-
vantage of the proposal, is given because the experimental setup

Calibration curve for a tumor of 1 cm3

10000

Depth 1 cm

Depth 3 cm

Depth 5 cm

R?=0,9994

J/I//_X/I

R? =0,99642

1000

Fluorescence Counts

100
0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1

% Gold Concentration
Fig. 6. Calibration curves of the number of counts produced by the KB X-ray
fluorescence line in function of the gold-nanoparticles concentration for a tumor of
1 cm? at different depths. Blue curve 1 cm, red curve 3 cm and green curve 5 cm.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

was made considering an traditional X-ray equipment for radio-
diagnostic, whereby it is possible to determine a preliminary po-
sition of the tumor by conventional radiographic using the prop-
erties of the higher contrast level which the GNPs offer (Roeske
et al,, 2007) and from this information, reconstruct the corre-
sponding calibration curve using the methodology proposed.

An important parameter for assessing the feasibility of the
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implementation of X-rays techniques for in vivo monitoring is the
restriction to the skin entrance dose (dose on the entrance of the
phantom in this case) limited to be less than 10 mGy (Wielopolski,
1999). In our setup due to the high attenuation of the filters used
in shaping the spectrum, determine a dose to the entrance of the
phantom of 1.2 pGy, which would allow future superficial scan
applications for evaluate the distribution of GNPs, without reach-
ing the maximum recommended dose. The configured parameters
were mainly determined to generate a low dose. Future applica-
tions which seeking to implement simultaneous therapy may set
an incident spectrum centered in the same predetermined opti-
mum energy but with greater spectral width, to generate a greater
delivered dose.

4. Conclusions

Was possible to achieve a better signal to noise ratio in the
detection of gold nanoparticles. The results obtained show that a
backscatter geometry, a methodology appropriate for the back-
ground subtraction and optimum incident energy, allow a strong
increase in the SNR in the fluoresce Kf secondary lines. enabling
increased detection sensitivity, lower uncertainty results and
lower exposure times. The improve in the number of counts de-
tected for this line allows an improve in the detection limit which
will allow used lower amount of gold-nanoparticles and lower
price in the implementation.

The results suggest an increase in detected signal that is su-
perior to the values obtained to date, as recorded in the literature
(Roeske et al., 2007), and is more similar to clinical conditions.
Furthermore, these results were attained for measurement times
that allow for superficial scan applications, so as to scan the entire
tumor area. This would increase the sensitivity of the technique in
future diagnostic and medical imaging applications.
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