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Abstract

Iterative image reconstruction for the Compton camera is computationally challenging since the projection and backprojection
operations are performed on conical surfaces rather than along straight lines and there are many possible combinations of positions and
energy measurements. Here, we note that implementing a computationally efficient projector—backprojector pair with good accuracy is
an important factor to be considered in image reconstruction. In this study, two different approaches to conical surface integration were
investigated for rapid calculations of projection and backprojection in 3D reconstruction; the ellipse-stacking method (ESM) and the
ray-tracing method (RTM). Our experimental results indicated that while both methods produced equivalent reconstruction accuracies,

RTM performed better than ESM in both computation time per iteration and total number of iterations for convergence.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The Compton camera has been recognized as an
innovative single-photon imaging device since, unlike the
conventional single-photon imaging systems with mechan-
ical collimators, it employs an electronic collimation based
on the relationship between energy transfer and Compton
scattering angle of y rays in the detector. However, the
Compton camera requires a fully three dimensional (3D)
image reconstruction algorithm because the axial slice
collimation is not used [1-3].

The 3D-expectation maximization (EM) algorithm
based on the Poisson nature of radiation detection may
be a choice for accurate reconstruction from Compton
projection data. Iterative statistical reconstruction such as
3D-EM for the Compton camera is, however, computa-
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tionally challenging since the projection and backprojec-
tion operations are performed on conical surfaces rather
than along straight lines, as in single-photon emission
computed tomography (SPECT), and there are many
possible combinations of positions and energy measure-
ments. We note here that implementing a computationally
efficient projector—backprojector pair with good accuracy
is one of the most important factors to be considered in
image reconstruction. In this work, two different ap-
proaches to conical surface integration were investigated
for rapid calculations of projections and backprojections in
3D-EM reconstruction.

2. Methods
2.1. 3D-EM reconstruction for the Compton camera

A Compton camera system consists of two detectors,
scatterer and absorber, which are parallel to each other as
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shown in Fig. 1. A valid event is recorded when a photon is
scattered in the first detector and then absorbed into the
second detector. The following information is obtained for
each valid event: (1) an interaction position in the scatterer,
(2) an interaction position in the absorber, and (3) a
scattering angle w determined from the energy transferred
to the scatterer.

For each combination of interaction positions in the two
detectors and a scattering angle, the axis P; P>, an apex P,
and the half-angle w of the conical surface are determined
and the Compton projection data can be obtained by the
conical surface integral with respect to the source distribu-
tion.

A mathematical expression for the Compton projection
data (ignoring random coincidences) can be given as

P, P:
9gp P = Zfl]kHljllc Y0) (1)
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where gp p,, and fi represent the Compton projection
data and the source distribution, respectively. The system
matrix Hf,‘cp 2@ represents the probability that a photon
emitted from a voxel (i, j, k) is scattered at a position P of
the scatterer with a scattering angle @ and detected at a
position P, of the absorber.

The EM algorithm, which is the same for all emission
imaging systems is given by [4-6]
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The above EM algorithm is implemented by iterations
requiring projection of the estimated source distribution
and backprojection of the ratio between the measured and
estimated projection data.

Absorber

Scatterer

Image space

Py(x5. v5. )
Py vy 2)

Scatterer Absorber

Voxel (x, y, 2)

Py(Xo, ¥ps 25)
Pl(-"l-}'l- Z])

Chord length

Fig. 1. The conical surface integral was calculated using two different
approaches: (a) ellipse-stacking method and (b) ray-tracing method.

2.2. Two approaches for the system matrix

For efficient computation of the system matrix, it can be

factorized into several sub-probabilities:
H" = PLPOP,,. 3)
Elements for the system matrix were calculated by the
product of the probability with which the voxel (i, j, k)
belongs to a conical surface determined by P, P,, and w
(P;;LP 2y and the probability relating to Compton scattering
interaction on the scatterer (P,,). If the interaction in the
scatterer is only the Compton scattering, the probability P,
is the differential cross-section for the Compton scattering
that can be calculated with the Klein—Nishina formula with
the assumption of electron at rest [7]. In this study, we
considered two different approaches for rapidly calculating
the belonging probability Pf;,‘(P 2@. the ellipse-stacking
method (ESM) and the ray-tracing method (RTM). For
simplicity, we assumed an uniform distribution for prob-
ability P,,.

The intersection of an x—y plane and a conical surface
forms an ellipse. The ellipse equation can then be derived
from the inner product of two vectors: P; P, and the vector
from the voxel on the ellipse to P;. In ESM (Fig. 1(a)), the
belonging probability was determined by the closeness of
the neighboring voxel to the ellipse. The closeness was
measured by the wieghts used in bilinear interpolation;
each weight is inversely proportional to the distance from
the existing sample point on the ellipse to a neighboring
voxel.

In RTM (Fig. 1(b)), the belonging probability was
determined by the intersecting chord length [8] of the voxel
with a straight line passing through the apex of the cone
along the conical surface.

2.3. Computer simulation

It was assumed that the Compton camera consisted of a
pair of parallel scatterer and absorber with 16 x 16 detector
elements with an active area of 5 x S5cm?. The scattering
angle of the incident photon at the scatterer was quantized
into 30 discrete angles between 10° and 100°.

Two mathematical cylinder phantoms were used for
simulation. Fig. 2(a) shows the phantom with three
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Fig. 2. Two mathematical phantoms: (a) 3-cylinder phantom and (b)
S-cylinder phantom.
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cylinders of same diameter and activity. Fig. 2(b) shows the
cylindrical phantom, which contains hot or cold inserts
with different diameters and activities.

Projection data for the phantoms were generated using
both ESM and RTM. The iterative 3D-EM reconstruction
algorithms were also implemented using both ESM and
RTM. Computation time and percent errors (PE, normal-
ized root-mean squared errors) between the mathematical
phantom and reconstructed images (64 x 64 x 64 matrix
with pixel size of 1.56 mm) were compared.

3. Results

To compare the performance of the projector—backpro-
jector pairs using ESM and RTM, EM reconstructions
were performed with 64 iterations. Simple backprojection
(SBP) reconstruction was also used for the comparison.
Fig. 3 shows the central planes of the 3-cylinder phantom
and the reconstructed images, which are parallel to the
scatterer.

Fig. 4 shows the central profiles of the phantom and
reconstructed images shown in Fig. 3 and the plots of
percent errors versus iterations for EM reconstructions
using RTM and ESM. The 3D-EM reconstructions clearly
outperformed SBP in terms of the image contrast
and spatial resolution. The EM reconstructions for the
S-cylinder phantom also shows good contrast between the
inserts and background (Fig. 5) for both methods.

Fig. 3. The central planes parallel to the scatterer: (a) 3-cylinder phantom,
(b) SBP (PE = 167.3%), (c) EM using ESM (22.7%) and (d) EM using
RTM (13%).
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Fig. 5. The central planes parallel to the scatterer: (a) 5-cylinder phantom
(b) SBP (612.1%), (c) EM using ESM (46.6%) and (d) EM using RTM
(46.8%).
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Although ESM produced comparable reconstructions to
RTM, it required about three times longer computation
time to converge.

4. Discussion and conclusion

Two different approaches to implementing projector—
backprojector pairs for 3D-EM reconstruction from
Compton projection data were investigated. Our experi-
mental results showed that while the accuracies of
reconstructions by both methods were equivalent, RTM
performed better than ESM in both computation time per
iteration and total number of iterations for convergence.
Parallelization of projection and backprojection calcula-
tions and the use of geometrical symmetry along with an
efficient caching scheme could greatly reduce the computa-
tion time for both methods.
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