35th Annual International Conference of the IEEE EMBS

Osaka, Japan, 3 - 7 July, 2013

The feasibility study on 3-dimensional fluorescent x-ray computed
tomography using the pinhole effect for biomedical applications
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Abstract— We propose a 3-dimensional fluorescent x-ray
computed tomography (CT) pinhole collimator, aimed at
providing molecular imaging with quantifiable measures and
sub-millimeter spatial resolution. In this study, we demonstrate
the feasibility of this concept and investigate imaging properties
such as spatial resolution, contrast resolution and quantifiable
measures, by imaging physical phantoms using a preliminary
imaging system developed with monochromatic synchrotron x
rays constructed at the BLNE-7A experimental line at KEK,
Japan.

I. INTRODUCTION

Fluorescent x-ray computed tomography (FXCT), which
combines x-ray fluorescence analysis and tomographic
reconstruction algorithms, delineates the spatial distribution of
imaging agents within samples with high sensitivity,
reproducible and quantifiable measures, and at high spatial
resolutions, in a non-destructive and non-invasive manner
[1-3]. FXCT has been a vital tool in both material and
biomedical sciences [4-6]. Molecular imaging using a
non-radioactive imaging-agent, such as iodine, is also of
potential use in medicine and pharmacology, where the
visualization of various disease processes in small animals is
used to investigate the cause, diagnosis and therapy of
diseases from the characteristics and behavior of imaging
agents in the subject. Studies using mice and rats as animal
models have become important in many areas, such in
molecular biology, toxicology, and drug discovery research.
Hypotheses regarding the onset of disease and the
effectiveness of treatment can be tested with animals before
progressing to human studies. As a consequence of utilizing
small animals, imaging modalities such as positron emission
tomography (PET) or single photon emission computed
tomography (SPECT) have been developed for small animals
studies [7, 8]. However, such diagnostic imaging modalities
still suffer from insufficient spatial resolution. In addition, the
radioactive imaging contrast agents are required. Therefore,
the invention of a novel molecular imaging technique using
non-radioactive imaging agents with high-contrast and high
spatial resolutions would have a positive clinical impact.

So far, we have developed two types of FXCT with
sub-millimeter resolution: one based on pencil-beam
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geometry, and the other on sheet-beam geometry. The former
acquires a set of projections by translational and rotational
scans using pencil-beam geometry [1, 2]. Unfortunately, it
takes an enormous amount of acquisition time to acquire a
3-dimensional tomographic image as the pencil beam method
collects sequential data. In order to overcome this difficulty, a
parallel data acquisition scheme has been proposed using an
incident-sheet beam using a linear detectors array [3]. We
demonstrated the efficacy using a preliminary simulated
system. However, although the system requires a linear array
of energy-resolving detectors with fine pixel size, such
detector arrays have progressively been technically refined;
unfortunately the spatial resolution has not yet reached
sub-millimeter dimensions. In this letter, we propose a
3-dimensional FXCT imaging method using a pinhole
methodology which utilizes an ordinary CCD (charge coupled
device) camera without energy resolution.

II. MEASUREMENT PROCESS IN FLUORESCENT X-RAY CT
IMAGING

Fig. 1 shows a schematic diagram of the proposed imaging
geometry. An incident monochromatic volumetric beam, with
photon fluxes parallel to one another are linearly polarized
within a horizontal plane, impinging and covering the object.
Imaging agents, such as iodine, are thus excited and
isotropically emit x-ray fluorescent photons on de-excitation.
A thin W plate with a pinhole is placed between the object and
the CCD camera, such that the plate surface and the detective
surface are parallel to the beam propagation. Only fluorescent
photons passing through the pinhole are detected by the CCD,
as discussed below. The projection acquisition is repeated
while rotating the object over 180 degrees.

The modeling process proceeded as follows. First, we
modeled the measurement process for reconstruction using
Fig. 1. Consider events relating to a single ray along the
volumetric beam. The points P and R represent the
intersections of the ray with the object. Pay attention to a point

O on the line segment PR . Let a point S be the intersection of
the line, connecting point O with point /7of the pinhole center,
with the object. Regarding the measurement by the CCD along
path P — O — S'in Fig. 1, the measurement process is divided
into the following three steps: Step 1) The incident radiation
travels from P to O while undergoing attenuation by the
object. The interaction for the single ray at point Q is given by

1(Q) =1, exp(— ITQ ,u,dl), where [, and g4(r) are the intensity

of the incident beam and the 3-D map of the object consisting
of the linear attenuation coefficient for the energy of the
incident x ray, respectively. Step 2) The fluorescent x-ray
fluxes are emitted isotropically at point O in a quantity
proportional to the product of the incident intensity /;(Q) and
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the concentration map of imaging agents d(Q) at Q. The
fluorescent photon fluxes from point Q is given by
L(Q) =, @l (Q)d(Q)4v, , where ,, @, and Avg are the

photoelectric linear attenuation coefficient of the imaging
agent material, the fluorescent yield of agent material, and the
infinitesimal volume around point Q, respectively. Step 3)
From the total fluorescent photons emitted at point Q, only the
fluorescent photons traveling towards the pinhole are detected
by the CCD, where the camera receives information regarding
attenuation measurements by the object during flight. The flux
rate reaching the detection plane is given by

1,0 =1,(QQQ)/ 4myexpl-T . ,dl)  under  the

approximation that the pinhole area is sufficiently small and
the W plate is sufficiently thin, where (XQ) and p{(r) are the
solid angle from point QO to the pinhole and the 3-D map of the
object’s linear attenuation coefficient for the fluorescent x ray
energy, respectively. As a result, the CCD detective elements
within the projected circle of the pinhole from point QO to the
detective surface evenly acquire the fluorescent flux

1(Q)=C(Q)d(Q) , where

C(O) = 1,0l (AQ)/ 4ryexpl | pl)oxplT__ 1, i)y, .
(M

Note that C(Q) can be calculated if the imaging setup
geometry and the 3-D maps, 44 and g4, of the object are

previously known. We did not consider scatter components in
this preliminary research.
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Figure 1. Schematic diagram of the proposed imaging geometry: The system
is composed of a rotation stage for object placement, a pinhole set
perpendicularly to the direction of the incident x-ray beam and a CCD camera
set behind the pinhole. Fluorescent photons emitted within an object pass
through the pinhole and are subsequently projected onto the CCD camera
imaging plane.

III. THREE-DIMENSIONAL CT RECONSTRUCTION

For the reconstruction process, the object space is
discretized to 3-D voxels. Three 3-D arrays d;, 14; and p; are
prepared, where j (1 <j < N) is the index identifying the voxel,;
d; is unknown, while z4;, and 4 are known. Note that in the
reconstruction scheme the object is fixed and the imaging
components are rotated around the object, although in reality
only the object is rotated. The introduction of indices i (1 <i<
M) and k (1 <k < L) identify the detective element and the
projection angle, respectively. Consider the signal intensity
ski acquired by the ith detector at the kth projection (Fig. 2).

First, let us assume that the cone 1*; whose cross section is the
pinhole and its apex is the ith detector. Next, we define V*; as
the set of indices denoting voxels which are contained within
cone V. The ith detector simultaneously acquires the
fluorescent photons from the voxels within cone V.
Therefore,

s =3¢, (1<i<M1<k<L), @

jevti

where Cki,- corresponds to C(Q) in the case where point Q is the
jth voxel for the ith detective element at the kth projection; this
can be previously calculated using (1) if the imaging geometry
and the 3-D maps of 1 and g of the object are known. As a
result, we obtain a system of ML linear equations. Finally, we
obtain L matrix equations s*= C'd (1 < k< L) by arranging (2),
where s* = (skl, sy, skM)T, d=(d,d,, ..., dN)T, and

C/(ll Cklz CklN
Cc* ' C* .

Ck: .21 .ZN fOr C‘k,}:Olf]er,
Ck/l//l Ck/l/lz CA/\/IN

We solve these matrix equations using OS-EM (ordered
subsets - expectation maximization) algorithm [9].
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Figure 2. Reconstruction scheme: VF, is the cone constructed from the apex of
the ith detector and the pinhole cross section. /¥, is the set of indices denoting
voxels which are contained within cone V. The ith detector simultaneously
acquires the fluorescent photons from the voxels within cone 1*;.

IV. IMAGING EXPERIMENT

In order to prove the concept of this imaging protocol, we
constructed a preliminary imaging system at the BLNE-7A
bending-magnet beamline (6.5 GeV) at KEK, Japan. The
photon flux rate in front of the object was approximately
9.3x107 photons/mm?/s for a beam current of 40 mA. The
FXCT system consisted of a silicon (220) double crystal
monochromator to tune the incident energy to 33.4 keV which
is just above the iodine K-edge of 33.2 keV, an x-ray slit
system to shape a volumetric beam of 35 x 5 mm?, a rotational
table for object-positioning, a 500 pm-thick W plate with a
pinhole of 100 pum in diameter, and a CCD camera with 500
x 332 elements of 100 x 100 um® in pixel-size to detect
emitted fluorescent photons. The CCD and the rotational stage
were controlled by a PC. The distance between the center of
rotation and the W plate, and between the W plate and the
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CCD detective surface were 45 mm and 45 mm, respectively.
The linear attenuation coefficients of acryl for the incident
beam energy (33.4 keV), 4, and the fluorescent one (28.3
keV), ur, were set to 0.0316 mm™ and 0.0385 mm’,
respectively.

A. Evaluation of spatial resolution, contrast resolution and
quantifiable measures

Firstly, we evaluated the contrast resolution and its
quantifiable measures by imaging a physical phantom. The
acrylic cylindrical phantom was 10 mm in diameter and
included three axial channels of 3 mm in diameter, filled with
iodine at three different concentrations. The rotational step
was one degree over 180 degrees; the number of projections L
was 180. The measurement time for a single projection was
2.5 minutes. Fig. 3 (a) and (b) show an FXCT image and 3-D
FXCT image of the physical phantom filled with an iodine
solution with concentrations equivalent to 1.85 mg/ml, 3.7
mg/ml, and 7.4 mg/ml, respectively. Three circles
corresponding to the regions including the iodine solution are
successfully delineated. Fig. 3 (c) shows the differential
profile at the white line drawn in Fig. 3 (a). The in-plane
spatial resolution defined by the FWHM of the differential
profile peak was approximately 300 pm. We imaged the
phantom while changing the iodine concentrations, and then
obtained the average reconstructed values for the regions of
interest and added the iodine values to the reconstructed
images. Fig. 3 (d) shows the relationship between the average
reconstructed values and the actual iodine concentrations,
which demonstrates a satisfactory linear relationship. Error
bars of each plot show the standard deviation of noise on
reconstructed iodine signals. The dotted line represents the
standard deviation of the background noise in the
reconstructed images. The minimum detectable iodine
concentration, which can be calculated from the intersection
of the calibration line and the dotted line representing
background noise, is approximately 1 mg/ml.
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Figure 3. The experimental results from the 3-D FXCT system. The acrylic
cylindrical phantom which was 10 mm in diameter and included three axial
channels of 3 mm in diameter, filled with iodine at three different
concentrations, is measured: (a) an FXCT image of the physical phantom
filled with iodine solution at 1.85 mg/ml, 3.7 mg/ml, and 7.4 mg/ml, (b) 3-D
FXCT volume rendering image, (c) differential profile at the white line drawn
in (a), and (d) the relationship between the average reconstructed values and
the actual iodine concentrations.
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B. Evaluation of spatial resolution in vertical direction
Next, we imaged a hand-made physical phantom to
evaluate the vertical spatial resolution. The phantom was an
acrylic screw with a 200-to-300-um-thick Polyester thread
wound along the groove after it was first dipped in iodine
solution and then dried out (Fig. 4(a)). Fig. 4(b) shows the
3-D FXCT image. The 200-t0-300-um thick thread was
satisfactorily delineated.

3D Volume Rendering

Figure 4. 3-D FXCT image. The phantom was an acrylic screw with a
200-to-300-pum-thick Polyester thread wound along the groove after first
being dipped in an iodine solution and then dried out

V. CONCLUSION

In this research, we demonstrated the first 3-D FXCT
image at a spatial resolution of approximately 300 um using a
CCD camera having no energy resolution, although
conventional methods have only obtained 2-D cross-sections.
In theory, the spatial resolution with a pinhole of 100 pum
diameter is approximately 200 um [10]. We consider that the
spatial resolution improve to incorporate a point spread
function based on the system into the reconstruction scheme.
As this research was a feasibility study, we neglected the
influence of Compton scatter. Using the two projection
images acquired just above and below the K-edge, we can
estimate the Compton scatter components, leading to the
improvement of the contrast resolution. Finally, the
measurement time is still long. We will adopt the
multi-pinholes to improve the efficiency of data acquisition.
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