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Abstract—In functional imaging, the modeling of emission ray
attenuation and scattering during reconstruction can greatly
improve image quality. Proper modeling of these effects in the
forward projection step of iterative algorithms, such as OS-EM,
can yield a significantly more accurate estimate of the required
grid correction in the subsequent back projection step. This, in
turn, leads to faster and more accurate reconstruction of the
emission image. Graphics hardware boards (GPUs) have
recently emerged as a powerful and affordable means to
accelerate many 3D tomographic reconstruction algorithms,
both analytical and iterative. This paper presents an efficient
and GPU-amenable method that incorporates attenuation and
scattering modeling into these.
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I. INTRODUCTION

W

HILE in transmission tomography the objective is to
reconstruct a 3D image (volume) of the object’s X-ray
attenuation properties, using an external radiation source, in
emission tomography one seeks to reconstruct the (internal)
radiation sources themselves. This gives rise to a very
different (projection) image generation scenario, somewhat
reminiscent to volume rendering with self-emitting particles.
The projection scenario is different since, depending on their
distance from the detector, local emissions can have varied
impacts on the projection image, since they potentially lose
different amounts of energy on their paths across the tissue to
the detector. These attenuation variations can be significant
and must be incorporated into the weight matrix [3].
Another source of error are the scattering events occurring
along the photon paths [2]. These are mostly due to photon
interactions with the traversed tissue, leading to stray photons
that are eventually counted in detector bins neighboring the
intended one. Here, the amount of detector blurring a
particular emission site causes is influenced by the local
scattering properties of the traversed tissue as well as the
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distance of this site to the detector. The most appropriate
technique to model scattering is a Monte-Carlo simulation,
using the current reconstruction instance as the source.
However, such a simulation is (currently) computationally
infeasible to conduct within an iterative procedure, at least
when it comes to clinical routine. A good approximation can
be obtained by the slice-by-slice blurring method that has
been proposed for emission CT [1] as well as for volume
rendering [4]. In both approaches, the blurring is guided by
the local scattering properties of the tissue. The scattering as
well as the attenuation modeling rely on the existence of a
prior CT scan to provide an estimate of the attenuation and
scattering properties of the tissue.
Commodity graphics hardware boards (GPUs) have
achieved remarkable speedups in various disciplines of
Computed Tomography (CT). Their programmability allows
even complex schemes to be fully accelerated in their
pipelined multi-processor array. Peak performances of 500
GFlops (109 floating point operations/s) and more are now
possible on a single PC equipped with a board that is
available in every computer outlet for less than $500.
Although the trend is currently towards generalizing these
architectures to general purpose computing within the SIMD
(Same Instruction Multiple Data) data processing paradigm,
adhering to the native graphics (hardwired) pipeline facilities
and strategies can be advantageous in CT reconstruction. For
example, we have recently shown [5] that a 5123 full floating
point precision volume can be reconstructed (using
Feldkamp’s filtered back-projection algorithm) from 360 Xray projections oriented in general position in less than 9s. In
less recent work [6] we have also described a general
framework that expresses a popular set of analytical and
iterative reconstruction algorithms in a form that resonates
well with the underlying architecture and programming
model of GPUs. However, that paper did not address the
specific
GPU-implementation
aspects
of
emission
reconstruction with proper modeling of attenuation and
scattering effects. These are now described in this paper.
The outline of our paper is as follows. In Section 2, we
describe our method from a more theoretical angle, and in
Section 3 we provide implementation details. Section 4
present our results, and Section 5 ends with conclusions.

II. THEORETICAL CONSIDERATIONS

III. IMPLEMENTATION DETAILS

The figure below illustrates the effects we attempt to
model: attenuation and scattering. For the former we use the
standard volume rendering integral. Here, s parameterizes a
linear ray terminating in a given detector bin p. The ray
integrates emissions c along its path, subsequently attenuated
by the encountered attenuations μ..

We first reformulate the above attenuation equation into a
framework more convenient for implementation on graphics
hardware. Using a Taylor expansion we get:
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Now normalizing all CT density μ values into a range
[0.0, 1.0] we obtain the following recursive expression:
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To
describe
the
detector
(approximate,
non-Monte
Carlo) technique used to model
the scattering, let us first consider a scattering event in a
differential volume patch dV. Here, depending on the patch’s
scatter properties, a ray of photons suffers some amount of
diffusion, which can be modeled by a suitable diffusion
function kernel, such as a box, tent, or Gaussian, where the
extent of this kernel is determined by the amount of local
scattering potential, estimated from a map indexed by the
underlying CT data. This local model can be extended to a
global one by recursion, where a detector-aligned slice buffer
is advanced step-by-step from the rear of the volume to the
detector, and the scatter-diffusion process is modeled, at each
such step, by convolving the slice image with a variableextent blurring function. Here, the size of the filter is
dependent on the local scattering properties (higher scattering
coefficients widen the filter). Also at each step, an emission
volume slice is interpolated and added to the advancing slice
buffer. In fact, this scheme can be combined with the
attenuation modeling, as we shall show in Section III.
Modeling these effects in the forward projection provides a
better estimate of the actual image generation process, given
the current state of the emission volume under reconstruction.
This in turn provides a better estimate of the required grid
correction for back-projection (which favors reconstruction
speed and quality). This estimate can then be back-projected
via regular means (without modeling attenuation and
scattering effects) or by including these effects. The former
leads to the concept of unmatched projector/back-projector
pair, which has been frequently used. We have also found the
reconstructions to be of higher quality with the unmatched
scheme, at least for our (relatively simple) phantom, but we
will provide implementation details and results for the
matched projector/back-projector pair as well.

In volume rendering, this
attenuation μ
is
called
back-to-front
p
compositing. The new (back)
c b μb cf μf
s
emission cb is calculated by
adding the previous back
emission c
emission cb to the newly
interpolated front emission cf.
But before it is added it must be attenuated by the interpolated
transparency tf at this point (note, the higher the attenuation,
the lower the transparency). An alternative form is front-toback compositing:

c f = c f + cb t f

t f = t f (1 − μb ) = t f tb

For this we need to keep two advancing buffers., one for
the advancing transparency, tf, and one for the advancing
emission front, cf (now cb is the currently interpolated
emission). First the emission buffer is updated, then the
transparency buffer. Since the effect of each transparency
layer is multiplicative, a new (front) tf is formed by
multiplying the present tf by the currently interpolated μb (in
fact, (1-μb).
Now combining this with the scattering yields the
following implementation strategy, illustrated next, along
with the respective algorithm. We first show the approach for
projection, which uses the back-to-front compositing scheme:
,C
C S, T S

attenuation μ

emission c
detector

Set emission buffer C=0
Step back to front, at each step:
interpolate emission slice CS
interpolate transp. slice TS
blur C using TS
composite C = C ·TS + CS

The back-projection, using front-to-back compositing is:
,C
C, T S
attenuation μ

emission c
correction

Initialize correction buffer C
Step front to back, at each step:
spread (and add) C into the
emission volume
interpolate transp. slice TS
blur C using TS
update C = C ·TS

A possible hardware implementation of this scheme would
be to store the T (CT) volume and the C (emission) volume in
3D textures and then use the detector-aligned 3D slicing for
interpolation in the forward projection, and volume-slice
aligned updates (volume writes) in the back-projection step.
There are, however, some practical limitations to this scheme.
These originate in the current lack of hardware support for
efficient writes to a 3D texture. While Framebuffer objects
(FBOs) provide this ability now for the latest GPU generation,
this capability is still not optimized and not well supported by
the hardware drivers. Even though one could perform the
forward projection with a 3D texture and then switch to a
stack of 2D textures for back-projection, the repeated data
reformatting from 3D to 2D textures and back would be very
expensive. We therefore propose a scheme that uses 2D
texture stacks for both projection modes. In that respect, what
needs to be resolved is the question if the 2D texture slicebased forward projection can be made sufficiently accurate,
compared to the true detector-aligned slicing shown in the
figures above. We have designed a few schemes to that effect,
which are described next.
The figure to the right
shows the blurring kernel in
the ideal detector-aligned
buffer configuration. Here the
Δs=1
recursive blurring (the red
kernel) can occur at any
arbitrary buffer (blue dashed
lines) distance Δs (Δs=1 is
reasonable). This is the
configuration used when a 3D
texture is interpolated.
Next, the figure on the right
shows the texture-slice (or
axis)
aligned
situation
(assuming the texture slice
Δs=1/cosα
distance is 1). In this case the
scattering will occur at a
larger distance and therefore
α
the width of the blurring
kernel should be scaled up
accordingly, that is, by a factor
1/cosα, where α is the rotation
V1
angle of the detector.
V2
Due to the perspective (conebeam) distortion, the scattering
on one side of the principal
direction (here the right halfcone as seen from the scattering
source) will occur in a larger
distance before entering the slice buffer than the other (the
left half-cone), see the figure on the right. We can correct for
this as well, by additionally scaling the two kernel side lobes
according to their subtended half-cone volumes, V1 and V2.

IV. RESULTS
To validate the accuracy and performance of our GPU
reconstruction framework, we used a PC equipped with an
Athlon 2.2GHz CPU and a Geforce 8800 GTX graphics card.
We employed a 3D phantom composed of a set of ellipsoids of
varying emission values.
Fig. 1 compares the slice-by-slice blurring results obtained
with the detector-aligned vs. the axis-aligned projector for
three orientations α: 0˚, 20˚, 40˚. Both simulations use the
same scattering model and volume. Next to the projections we
show the difference images and the intensity profile along the
line indicated in the first image. A good fit is observed. We
also computed the overall RMS error and found it to be
between 1-2% of the maximum value in a projection. We
conclude from this study that the axis-aligned projector is
well suited for the recursive scatter simulation we use in our
GPU-accelerated iterative emission reconstruction framework.
Fig. 2 shows a set of representative projections obtained
with our simulator, with emissions only, (E) emission with
attenuation (E+A), emission with scattering (E+S), and
emission with scattering and attenuation (E+S+A). Scattering
creates substantially more blur, while attenuation weakens the
projections of emissions traversing highly attenuating
material, both with and without scattering.
Fig 3 shows a representative slice from a 3D reconstruction
of our phantom (10 SART iterations), for various modeling
scenarios arranged into rows. The first column shows the
reconstructed slice when the (row) effects are not modeled,
while the second column shows the slice when modeling took
place. In the final column we show the intensity profiles for
the line indicated in the first image. We compare the original
phantom profile (solid grey), the profile obtained when the
effect has not been modeled (dotted) and the profile when the
effect has been modeled (solid black). We see that in all cases
the contrast is greatly improved, the features are sharper, and
the profiles match the original better when the effect is
modeled. We also observe that without attenuation/scattering
(A+S) modeling, the small ellipsoid between the two large
ones in the upper third of the phantom can not be detected.
Finally, Table 1 compares our timing results. We observe
that adding attenuation and scattering only to the projector
(in an unmatched projector/back-projector reconstruction
framework) has a relatively small impact on performance
(less than a factor of 2). This verifies the observations of [1].
The results shown in Fig. 3 were all obtained with
configuration. On the other hand, modeling these effects for
the back-projection operator is about 10 times more
expensive. Overall, it takes 5 times longer if attenuation and
scattering are modeled in both he projection and backprojection stages (in the matched projector/back-projector).
Table I
RECONSTRUCTION TIMINGS: 1283 VOLUME, 160 PROJECTIONS
Projection Backproj.
1 iter.
10 iter.
Transmission CT
0.7s
0.7s
1.7s
18s
Emission CT (matched)
1.2s
7.3s
8.7s
90s
Emission CT (unmatched)
1.2s
0.7s
2.2s
23s

V. CONCLUSIONS

Detector-aligned Axis-aligned

We have demonstrated that attenuation
and scattering effects as well as their
compensation in iterative emission CT
can be efficiently performed with GPUs.
Unmatched operators are significantly
more efficient and already seem effective
to improve reconstruction quality in the
presence of these effects. While the axisaligned projector appeared sufficient,
future work will aim to include the 3D
texture approach once it is better
supported by the hardware.
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Figure 2. Projections obtained with different effects. E:
emission; A: attenuation; S: scattering.
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Figure 3. Reconstructions results obtained with different effects. E: emission;
A: attenuation; S: scattering

