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Abstract

A novel x-ray fluorescence imaging setup for the in vivo detection of high-Z tracer distri-
butions is investigated for its application in molecular imaging. The setup uses an energy
resolved detection method based on a Bragg reflecting analyzer array together with a multiple
scatter reducing radial collimator. The aim of this work is to investigate the potential appli-
cation of this imaging method to in vivo imaging in humans. A proof of principle experiment
modeling a partial setup for the detection of gold nano-particles was conducted in order to
test the feasibility of the proposed imaging method. Furthermore a Monte Carlo simulation
of the complete setup was created in order to quantify the dependence of the image quality
on the applied radiation dose and on the geometrical collimator parameters as well as on the
analyzer crystal parameters. The Monte Carlo simulation quantifies the signal-to-noise ratio
per radiation dose and its dependence on the collimator parameters. Thereby the parameters
needed for a dose efficient in vivo imaging of gold nano-particle based tracer distributions are
quantified. However also a number of problems are found like the fluorescence emission as well
as scatter from the collimator material obscuring the tracer fluorescence and the potentially
large scan time.
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1 Introduction

X-ray computed tomography (CT) is one of the most important and widely applied diagnostic tools in clinical
practice today. In addition to the contrast generated by anatomical structures, further diagnostic information
can be obtained by using contrast agents containing high-Z elements like iodine, gadolinium or gold which have
a high x-ray absorption coefficient. In order to detect these contrast agents spectral imaging techniques based on
the characteristic energy dependence of the x-ray absorption coefficient have been developed for iodine in dual
energy angiographic CT [1] and for gadolinium in energy resolving K-edge CT [2].

Conventional x-ray imaging, however, lacks functional information on the molecular level. Therefore there
has been an increased interest in recent years in approaches towards molecular imaging with x-ray CT using
gold nanoparticles conjugated to certain bio-molecules and it has been shown that specific tumor imaging can,
at least in principle, be achieved [3, 4], although at tracer concentrations and radiation doses far too high for
clinical imaging.

Absorption based imaging, however, is not the most dose efficient way of detecting very low concentrations of
high-Z tracers and, as well known from material analysis and non-destructive testing, x-ray fluorescence imaging
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can provide a much higher sensitivity. Simulation studies comparing x-ray fluorescence CT and K-edge absorption
CT also indicate that fluorescence imaging can provide a better sensitivity for very low tracer concentrations [5].

While it has already been shown that in vivo x-ray fluorescence CT of iodine based tracers [6, 7, 8] and of
gold nanoparticles [9, 5] appears conceivable using photon-counting energy resolving detectors, it has also been
observed that there are a number of problems that prevent dose efficient imaging of lower tracer concentrations
relevant for clinical molecular imaging [10]. Most importantly, the background signal resulting from Compton
scattering leads to noise obscuring the fluorescence signal while the relatively large amount of Compton scattered
x-rays may also incur dead time problems for photon-counting detectors. Secondly, a large detector area is needed
in order to be dose efficient and sensitive as the fluorescence x-rays are emitted isotropically, which is problematic
regarding the small area of the energy resolving detectors currently available. Furthermore, the energy resolution
of the detector has to be good enough to distinguish the fluorescence signal in the spectrum from the Compton
scattering background. At higher x-ray energies this is currently only provided by HPGe and CdTe detectors
which are limited with respect to their sensitive area and their maximum count rate.

In order to solve these problems, we proposed a novel x-ray fluorescence imaging setup which uses a pencil
beam generated from an x-ray tube with a high-kVp filtered spectrum together with a detection method based
on the combination of a multiple scatter reducing radial collimator with an array of Bragg reflecting analyzer
crystal leaves [8]. This detection method relys on the spectral separation of the tracer’s K,-fluorescence x-rays
in an energy interval below the single scattered x-rays while filtering out non-radially directed multiple scattered
x-rays using the radial collimator in combination with the energy selective Bragg reflection over a large detection
area. We showed that for iodine based tracers, at least in principle, very low concentrations down to a few pg/ml
could be detected for in vivo imaging of iodine in small animals using this setup [§].

While a similar investigation [10] also suggested to use a higher energetic pencil beam in order to spectrally
separate the tracer’s K,-fluorescence in an energy interval below the single scattered x-rays it did not attempt
to filter out the remaining multiple scattered x-rays and did not use a large detection area resulting in a negative
conclusion regarding the detection of low tracer concentrations.

The idea of using the reflection on an analyzer crystal in order to detect fluorescence x-rays has previously
been proposed for use at synchrotron x-ray sources [11]. There a bent single crystal Laue analyzer has been
used for detecting the lower energetic L-fluorescence of heavier elements as well as the K-fluorescence of lighter
elements which, however, would be absorbed by the large amount of tissue in the case of human imaging.

While we previously showed that for iodine based tracers the proposed imaging method could be applicable
to in vivo imaging of small animals [8] the aim of this work is to investigate the potential application of this
imaging setup to in vivo imaging in humans. There, because of the attenuation of the x-rays by the body
tissue, high-Z tracers having a higher energetic fluorescence emission like gold nanoparticles are more suitable.
In order to test the the idea of using a Bragg reflecting crystal as energy selective filter we constructed a partial
setup of the proposed imaging method in a proof of principle experiment for the detection of gold nanoparticles.
Furthermore, we modeled the complete imaging setup with a Monte Carlo simulation using a simple human
phantom containing gold nanoparticles. The Monte Carlo simulation is used to quantify the signal-to-noise ratio
per radiation dose and its dependence on the collimator parameters and on the width of the analyzer crystal
reflectivity curve. Thereby optimized parameters for a dose efficient in vivo imaging of gold nano-particle based
tracers are found together with an estimation of the minimal detectable gold concentration.

2 Materials and Methods

2.1 Proposed x-ray fluorescence imaging setup

In the schematic diagrams of the proposed imaging setup, shown in figure 1, it can be seen that a pencil-beam
created from the filtered and collimated output of an x-ray tube is used to scan an object containing a distribution
of a high-Z tracer material. Using a high peak kilo-voltage for the x-ray tube results in a mean x-ray energy of
its output well above the K-edge of the high-Z tracer, while the lower part of the output spectrum is filtered by
a combination of absorber layers consisting of copper, tin or other suitable elements.

As the pencil beam passes through an object containing a distribution of a high-Z tracer like gold, the
interaction of the x-rays with the tracer’s atoms leads to the ejection of K-shell electrons which are then replaced
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by outer shell electrons, followed by the radiation of characteristic x-rays. These fluorescence x-rays together
with scattered x-rays due to the Compton effect then pass the radial collimator setup and are Bragg reflected
by an array of crystal leaves onto a detector (c.f. side-view schematic diagram in figure 1). The detector itself
would preferably be a large area scintillation detector providing a moderate energy resolution. As the angle of
the crystal leaves is set to the Bragg angle corresponding to the energy of the K,-fluorescence of the high-Z
tracer, only x-rays near that energy are reflected by the first reflection order. Supporting the crystal by an
absorbing layer ensures that the transmitted x-rays do not reach the detector. As the lower part of the pencil
beam spectrum is filtered out, apart from the fluorescence x-rays, only multiple scattered x-rays are contained
in this reflected energy region as the energy loss in one instance of Compton scattering is limited. The radial
collimator in turn leads to a partial rejection of these multiple Compton scattered x-rays, as a large amount of
them is directed non-radially.

Thus, the energy specific Bragg reflection of the fluorescence on the crystal leaves together with the high-
energy incident spectrum and the rejection of the majority of multiple scattered x-rays by the collimator results
in a selective detection of the tracer’s x-ray fluorescence. The fluorescence yield depends on the concentration
and the length of tracer distribution on the course of the pencil beam within the object. The filtering of a large
part of the scattered x-rays by the radial collimator and the energy selective reflection on the crystal leaves also
ensure that count-rate limitations of the detector are not violated even in large objects and at high x-ray fluxes.

Planar images of the spatial distribution of a high-Z tracer material are then created by scanning the pencil
beam over the object along two dimensions as indicated by the x- and y-axis in figure 1 while recording the
detected x-rays together with the corresponding scan position.

The analyzer crystal leaves should have a high reflectivity over an angular range corresponding to the pencil
beam cross section diameter. This is for example provided by mosaic crystals like highly oriented pyrolytic
graphite (HOPG) which is an artificially produced crystal structure. In particular HOPG has a mosaic structure
consisting of crystallites with a certain width of their angular distribution called mosaic spread which is typically
around 0.4°. This gives HOPG the largest integrated reflectivity of all known crystals of up to 30% in the energy
interval between 50 and 70 keV. Although the relatively large mosaic spread comes at the expense of a moderate
energy resolution when compared to single crystals it has the advantage that the cross section diameter of the
pencil beam can be in the range of 1 mm.
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Figure 1: Left: Top view schematics of the proposed x-ray fluorescence imaging setup.
Right: Side view schematics of the proposed x-ray fluorescence imaging setup.
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2.2 Monte Carlo simulation of the proposed x-ray fluorescence imaging setup

The proposed imaging setup and the dependence of its imaging performance on the parameters of the setup can
be accurately modelled using general purpose Monte Carlo simulations of the interaction of x-rays with matter.
In this work the Geant4 Monte Carlo toolkit [12] has been used to create a simulation of the proposed imaging
setup implementing the geometry and all relevant beam characteristics. The physics processes implemented in
this simulation provide an accurate model of the passage of x-rays through the imaged phantom in particular of
the absorption, fluorescence and scattering processes.

The phantom used in the simulation is modelled as a water cylinder with a diameter of 20 cm. In the center
of this body cylinder there is a smaller inner cylinder with a diameter of 1 cm which contains a mixture of gold
and water. A schematic diagram of the phantom geometry is shown in figure 2.

The sensitive area of the detector is modelled by an enclosing tube along the axis defined by the pencil beam
direction with a length of 50 cm and a diameter of 50 cm. The detector is placed at an offset of 0.25 m in the
forward z-direction as this detection range in the longitudinal direction corresponds to a small scattering angle of
the single scattered x-rays which are not scattered down to a much lower energy. Therefore the incident energy
can be lowered when detecting only at those smaller angles resulting in a larger fluorescence cross-section. Ideally
it would be better to detect also in the backwards direction and to use an angular weighting factor. The energy
resolved detection of the x-rays has been implemented as an ideal detector with a predefined energy bin size.

Two different models of the collimator have been implemented. The first one consists of an idealized angular
filter with an angular acceptance threshold corresponding to the angular width defined by the collimator leaf
spacing and length. This simplified model of the collimator rejects all x-rays deviating from the radial direction
by an angle greater than a predefined angular acceptance threshold. The second collimator model consists of a
more realistic implementation of the collimator leaves which takes into account the interaction of the scattered
and fluorescence x-rays with the collimator material. We have chosen molybdenum as collimator material in the
simulation as its fluorescence is spectrally separated far enough from the gold fluorescence. This is not the case
for lead or tungsten as the energy of their K-fluorescence emissions are close to that of gold. Tin has also been
considered as collimator material but it did not show a better performance in the simulation when compared to
molybdenum.

The first image formation step in the simulation is represented by scanning the pencil beam together with
the detector and collimator over the object, in the x-y plane as shown in figure 1, while recording for each scan
position the contribution of the x-rays hitting the detector to each energy bin. This effectively gives a spectrum
at each scan position from which an image of the tracer distribution is then created by a multiplication of this
spectrum with the reflectivity curve of the crystal under the Bragg angle corresponding to the K,-fluorescence
energy of gold at approximately 68 keV. The crystal reflectivity curve has been implemented here using a normal
distribution with a standard deviation corresponding to the width of the reflectivity curve. Throughout this
work, an idealized peak reflectivity of 1 has been assumed and the scan resolution is set to a value of 2 mm.

However, there is still a significant amount of Compton scattered x-rays in the energy bins around the tracer’s
fluorescence energy, which results in a relevant amount of background noise. The attenuation of the pencil-beam
and of the scattered x-rays depends on the scan position because of the variable thickness of the finite phantom
volume resulting in a spatial variation of this background noise level. Therefore, an attenuation correction has
to be done. This is best done by using the information from the attenuation of the pencil-beam as shown in
[13, 14]. As this has not yet been implemented in our simulation, we applied a least-squares fit using a fourth
degree polynomial to the background, which should be sufficient in this case because of the relatively simple
phantom geometry.

Using this simulation model we investigated the optimization of several parameters of the proposed imaging
method. At first we quantified the dependence of the minimal detectable gold concentration on the incident
pencil beam energy using an idealized collimator model. Secondly by simulating the imaging procedure using
the more realistic collimator model we quantified the dependence of the minimal detectable gold concentration
on the collimator leaf spacing. In both of these investigations the minimal detectable gold concentration is
defined as the concentration needed for attaining a signal-to-noise ratio (SNR) of 5 at a mean absorbed dose of
10 mGy. The minimal detectable concentration was calculated from the results of the simulations, which were
done at a higher value of the gold concentration and a lower dose, by extrapolating to the concentration needed
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for attaining a SNR of 5 at a dose of 10 mGy. The SNR was calculated according to SNR = Sk, //o% + o} for

a detected number of K,-fluorescence x-rays given by Sk, and for a variance of the detected fluorescence and of
the background scattering signal given by cr%a and o7 respectively while the extrapolation is based on assuming
poisson statistics.
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Figure 2: Geometry of the phantom for the Monte Carlo simulation of in vivo imaging.

2.3 Proof of principle experiment

In order to test the idea of using a Bragg-reflecting analyzer crystal as energy filter for selectively detecting
the K,-fluorescence of the tracer we constructed an experimental setup using a single layer of a HOPG mosaic
crystal with a mosaic spread of 0.4°. As shown in the schematic diagram in figure 3, a pencil beam hits a
sample containing a gold solution resulting in the emission of x-ray fluorescence which is reflected by the HOPG
layer at an angle of approximately 1.54° onto an energy resolving photon-counting detector (XR-100T-CdTe,
Amptek Inc.). The sample used in this measurement consists of a tube with a diameter of 1 cm filled with
a gold solution at a concentration of 1 mg/ml. The pencil beam is created by a lead hole collimator with a
diameter of 1.5 mm which is placed at the exit window of an x-ray tube with a tungsten anode operating at a
peak kilo-voltage of 200 kVp together with a 4 mm thick Aluminum filter and a 5 mm thick copper filter. The
distance between the pencil beam and center of the crystal is approximately 12 cm. A collimator slit at the
point of reflection and a lead hole collimator in front of the detector ensure that only reflected x-rays should be
detected. In contrast to the proposed complete imaging setup which relys on the energy selection of the Bragg
reflection in combination with a simple large area detector, the CdTe detector used in this experiment provides
a high energy resolution which gives detailed information about the reflected x-ray spectrum, which can be used
to diagnose and optimize the properties of the setup.

slit collimator hole collimator (qTe detector

T /
R

HOPG

gold solution sample

Figure 3: Schematics of the experimental setup.
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3 Results

3.1 Simulation with idealized collimator model

Simulation of the imaging method using the human phantom (cf. figure 2) was performed as described above by
scanning the pencil-beam in the x-y plane while recording the detected x-ray spectrum multiplied by the analyzer
reflectivity curve at every scan step. For an idealized set of parameters the resulting attenuation corrected image
for a gold concentration of 100 pg/ml is shown in figure 4 together with a plot of the spectrum corresponding
to the detector signal averaged over the scanned volume of the gold solution cylinder. This simulation was done
using the idealized collimator model with an angular acceptance threshold of 0.01° which filters out a significant
amount of multiple scattered x-rays. Therefore the image shown in figure 4 clearly shows the location of the
gold cylinder even at an absorbed dose of only 0.73 mGy for a monochromatic 100 keV pencil beam and for an
assumed width of the reflectivity curve of 1 keV.
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Figure 4: Left: Logarithmic plot of the detected x-ray spectrum averaged over the scanned volume of the 100
ng/ml gold solution cylinder of the human phantom for an energy bin size of 100 €V. The normal distribution
(dashed, green) corresponds to the reflectivity curve of the analyzer crystal. The standard deviation of the
energy-reflectivity curve is 1 keV.

Right: Attenuation corrected fluorescence image showing the position of the 100 pg/ml gold solution cylinder.
The corresponding scanning pencil beam is mono-energetic at 100 keV and is scanned at a step size of 2 mm.
The mean absorbed dose deposited in the human phantom is 0.73 mGy. The angular acceptance threshold of
the collimator is 0.01°.

As it is unclear if these parameters can be practically achieved we simulated the imaging procedure for
a more realistic angular acceptance threshold of the collimator of 0.1° in order to quantify the minimal de-
tectable gold concentration. The imaging simulation was done for different values of the pencil beam energy
and for different values of the width of the crystal reflectivity curve and the minimal gold concentration was
estimated by extrapolating to the concentration needed for attaining an SNR of at least 5 at a mean ab-
sorbed dose of 10 mGy. As shown in figure 5 the minimal detectable gold concentration increases for larger
values of the width of the reflectivity curve where more noise from multiple scattered x-rays is detected. The
dependence of the minimal detectable gold concentration on the pencil beam energy shows that the optimal
pencil-beam energy for the most sensitive detection is in the range of 90 keV to 110 keV. This results from
the fact that there is a trade-off between the increased noise from detecting single scattered x-rays at lower
pencil beam energies and the decreasing fluorescence cross section at higher pencil beam energies. It can
also be observed that the optimal pencil beam energy depends on the width of the crystal reflectivity cuve.
This is due to the detection of more single scattered x-rays for a larger width of the crystal reflectivity curve
which can only be countered by using a higher pencil beam energy.
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Figure 5: Gold concentration needed for attaining a SNR of 5 at a mean absorbed dose of 10 mGy plotted against
the pencil beam energy for different widths of the crystal reflectivity curve o.
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Figure 6: Gold concentration needed for attaining a SNR of 5 at a mean absorbed dose of 10 mGy plotted against
the collimator leaf spacing for different widths of the crystal reflectivity curve o.

3.2 Simulation with realistic collimator model

The idealized collimator model did not account for absorption due to the finite width of the collimator leafs
and it also negelects the effects of transmission and scattering occuring in the collimator material. Therefore we
simulated the imaging procedure using an implementation of the collimator geometry in Geant4 accounting for
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the interaction of the scattered x-rays with the collimator material. We have chosen the element molybdenum
for the collimator material as other heavier elements, which have good absorption properties, like tungsten and
lead emit fluorescence x-rays at an energy close to the fluorescence energy of gold. The simulation was done for
a pencil beam energy of 100 keV, a collimator leaf thickness of 0.02 mm and a leaf length of 50 mm. In figure 6,
which shows a plot of the minimal detectable gold concentration depending on the collimator leaf spacing, it can
be seen that the performance of the realistic collimator is significantly worse than in the idealized case leading to
an increased minimal detectable concentration. This could result from the incomplete absorption of the scattered
x-rays by the thin collimator leaves and from the fact that a very small collimator leaf spacing is needed in order
to effective filter out most of the multiple scattered x-rays. The finite thickness of the collimator leafs, however,
should only account for a reduction of the fluorescence signal of less than 20%.

3.3 Proof of principle experiment

A simple experiment was constructed as described above, measuring the reflection of the gold fluorescence on
a single layer of HOPG (cf. figure 3). The spectrum of the x-rays recorded by the energy resolving detector is
shown in figure 7.
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Figure 7: Spectrum of the x-rays reflected by a single layer of HOPG in the proof of principle experiment for a
water sample and for a gold solution sample with a gold concentration of 1 mg/ml. The location of the gold K,
fluorescence is indicated by the dotted line.

This allows us to test the idea of using Bragg reflection on a crystal layer as energy filter and shows the
difficulties involved in this detection method. Although the K,, fluorescence emission of gold is visible in the
spectrum, the first problem, which is to be expected, results from the fluorescence emission of the lead collimators.
As the lead fluorescence is separated from the gold fluorescence by only 4 keV this obscures the much smaller
signal of the tracer fluorescence. This could, however, be overcome by using collimators and shieldings made of
lighter elements like molybdenum or tin, as shown in the simulation.

The second and main problem results from the large width of the reflectivity curve of about 10 keV which is
a consequence of the crystal mosaicity of 0.4°. This would make it difficult to use only the crystal reflection for
selecting an energy interval around the gold fluorescence and would lead to the detection of a large amount of
scattered x-rays. Using a crystal with a smaller mosaic spread or a bent single crystal could, however, solve this
issue.
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Furthermore the small Bragg angle of 1.54° results in the reflection of x-rays from only a very small solid
angle for a single crystal layer which necessitates the use of multiple reflecting layers for detecting over a larger
solid angle.

4 Discussion and Outlook

An x-ray fluorescence imaging setup has been investigated for its application to in vivo molecular imaging in
humans. The detection method used in this setup is based on the spectral separation of the K,-fluorescence
x-rays of gold nanoparticle based tracers in an energy interval below the single scattered x-rays while filtering
out non-radially directed multiple scattered x-rays using a radial collimator combined with the energy selective
Bragg reflection on a crystal.

Although this approach requires a scanning pencil-beam for providing spatial resolution it appears to be more
sensitive when compared to fan beam approaches [9, 15]. By simulating the image generation with an idealized
collimator model and assuming a width of the crystal reflectivity curve of 1 keV we have shown that by using
a monochromatic 100 keV pencil beam a tracer concentration of 100 pg/ml can be detected. This sensitivity
is mainly achieved by filtering out the multiple scattered x-rays and by using a large detection area. A more
detailed simulation, however, taking into account the transmission and scattering of x-rays in the collimator
material shows that a small collimator leaf spacing in the range of about 0.1 mm to 0.4 mm would be required
and that the incomplete absorption and the scattering in the collimator material leads to an increase of the
minimal detectable tracer concentration by a factor of 2 to 4 depending on the parameters of the collimator and
of the crystal.

A proof of principle experiment has been conducted using a single layer of HOPG in order to test the efficiency
of the analyzer based energy selection. It has been shown that the large mosaic spread of the crystal leads to a
low energy resolution which would prevent the efficient detection of a low tracer concentration. This could be
overcome by using a different crystal structure with a smaller mosaic spread or by using a bent single crystal.

The use of a pencil beam also potentially results in a large scan time because most of the flux of the x-ray
source is blocked by the beam-collimator and a first generation CT technique has to be applied in order to
generate slice images. As also noted in [10] this appears to be one of the main problems which could prevent a
practical application to in vivo imaging. We estimate the scan time corresponding to the simulated projection
images shown in this work to be in the range of several minutes when using the heavily filtered output of a
clinically used x-ray tube which would result in an acquisition time far too high for in vivo imaging especially
when generating CT images.

However, it may be possible to construct pencil beam x-ray sources which have a higher flux than currently
available sources used in clinical x-ray imaging by using alternative x-ray tube constructions [16]. Also novel
laser-driven quasi-monoenergetic x-ray sources based on undulator radiation [17, 18] are perfectly suited to the
proposed imaging setup because of their pencil beam output free from lower energetic x-rays.

If the mentioned obstacles can be overcome then the proposed method would open up the opportunity of
using x-ray fluorescence imaging for detecting tracers based on gold nanoparticles conjugated to bio-molecules
which appears to be a promising approach towards specific tumor imaging.
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