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ABSTRACT

3D iterative reconstruction of Single Photon Emission Com-
puted Tomography (SPECT) acquisitions is a widely used
but computationaly intensive process. Reconstructing data
from a rotating slat collimated system increases the com-
putation time even further. Since the sensitivity profile of
such a camera is not constant over the field of view, it is
important to include a system model that is as accurate as
possible. We derived a Monte Carlo model of the physics of
the measurement process. The advances in programmable
graphics hardware make it possible to efficiently model the
3D reconstruction algorithm on consumer grade graphics
cards in order to reduce the computation time. This pa-
per describes an implementation of the reconstruction algo-
rithm which is as accurate as the software algorithm while
still achieving a 10-fold speed increase over the optimized
software version.
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1. INTRODUCTION

3D iterative reconstruction of Single Photon Emission Com-
puted Tomography (SPECT) is a widely used but computa-
tionaly intensive process. Compared to analytical methods
such as filtered backprojection, it can achieve higher image
quality because accurate system models of the image for-
mation process can be incorporated to enable quantitative
image reconstruction, noise reduction and resolution recov-
ery. However, these system models, often based on Monte
Carlo simulations, increase the computation time even fur-
ther. Classical SPECT setups with parallel hole collimators
have the advantage of a constant sensitivity over the whole
field of view. This is however no longer the case when us-
ing a rotating slat collimator where plane integrals of the
activity distribution are measured as shown in figure 1. The
detector consists of 192 detector elements along the x-axis.
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The non-constant sensitivity profile of this type of detec-
tor was described in [1]. A 3D reconstruction method for
this system is based on the classical Maximum Likelihood
Expectation Maximization algorithm (MLEM) [2] and re-
quires the use of an accurate system model. The MLEM
principle is shown in equation 1 where λk

j describes the
activity in voxel j at iteration step k. The parameter c ij

describes the system matrix, indicating the probability of
detection of a photon from voxel j in detector element i.
The system matrix was derived from a Monte Carlo simu-
lation of a planar source vertically centered above the cen-
tral detector element. Using the rotational symmetry of the
acquisition it is possible to calculate all the elements of the
system matrix during the reconstruction process from the
sensitivity of the points in this plane [3]. The normalization
image

∑
i cij is calculated similarly. The iterative method

is composed of a forward projection of the current image
estimate, which is then compared to the measured projec-
tion qi. The resulting ratio is then used as a measure for
correcting the current estimate after the backprojection. As
described in [1] the slat collimator also revolves around its
own axis. This spin rotation introduces an extra computa-
tional burden as each image must be projected not only for
each SPECT angle but also for each spin angle.

λk+1
j =

λk
j∑

i cij

C∑
i=1

cij
qi∑N

j′=1 cijλk′
j′

(1)

In order to reduce the computation time we have devel-
oped an implementation of the reconstruction algorithm on
graphics hardware. The previously fixed rendering pipeline
of graphics processing units (GPU’s) has turned into an al-
most fully programmable one, allowing it to be used for
more general purpose computing. In [4] the acceleration
of reconstruction algorithms such as the Simultaneous Al-
gebraic Reconstruction Techniqie (SART) [5] and Ordered
Subsets Expectation Maximization (OS-EM) [6] was inves-
tigated and a speedup of the order of 1-2 magnitudes was
achieved with a level of quality comparable to software im-
plementations. In [7] the same authors exploited 8-bit tex-
ture mapping facilities to accelerate 3D filtered backprojec-
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Fig. 1. A rotating slat collimator with strip detector

tion 37-fold, although with slightly more noisy results. In
[8] a hardware-based acceleration of OS-EM was proposed
specifically for varying focal-lenght fan-beam collimators
(VFF). By taking advantage of the geometrical symmetry
of the VFF point-spread function and by using Octree com-
pression it was possible to reduce the matrix size and load it
into video memory, achieving a 10-fold speedup. Although
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Fig. 2. The programmable OpenGL pipeline

it has been shown in these publications that a high speed
increase can be achieved on graphics hardware, it is not
achieved without any loss of accuracy. This loss of accu-
racy can be attributed to the fact that most GPU reconstruc-
tion algorithms use approximations to the software algo-
rithm in order to achieve a maximum speed increase. The
advantage of the use of a detailed system model required by
a rotating slat collimator would however be partly undone
by this loss of accuracy. In contrast with previous publica-
tions, this paper will therefore focus on the acceleration of
the 3D reconstruction algorithm without making any com-
promise regarding accuracy when compared to the software
version.

2. GPU STREAMING MODEL

Modern graphics hardware is capable of 32 bit floating point
calculations throughout the GPU pipeline. Figure 2 shows
a simplified version of the programmable graphics pipeline
on modern GPU’s. The GPU follows a stream architec-
ture in which a constant stream of polygons (consisting
of vertices) is sent through a vertex processor. The ver-
tex processor transforms the vertex coordinates from a local
to a world coordinate system, clips the polygons against a
viewing volume and applies lighting operations on the ver-
tices. After this stage the vector based geometry is raster-
ized into fragments. A fragment processor executes a frag-
ment program which applies textures to the fragments and
stores them as pixels in a framebuffer. All vertices and frag-
ments can be processed independently and thus in parallel
which makes the stream model very efficient. The GPU
can be used as a General Purpose Graphics Processing Unit
(GPGPU) by rendering a fullscreen polygon to an offscreen
memory buffer resembling a floating point matrix. This
way a fragment program will operate as a kernel on each
fragment and thus on each element of that matrix.

3. METHODS

3.1. GPU implementation of MLEM

In order to implement an iterative algorithm it is necessary
to create a feedback loop in order to access information
from the previous iteration step. The image space is repre-
sented by a stack of 192 2D slices in the form of textures. In
each texture 4 floating point values can be stored per pixel.
Therefore the whole image space can be represented by 48
textures. Each value in a texture pixel represents a voxel in
a slice of the image space. However, the GPU can not read
from and write to the same texture at the same time. The
solution exists in the form of two identical textures bound
to a single framebuffer as shown in figure 3. The informa-
tion from the previous iteration step is read from a texture
slice (texture 1) bound as a read buffer while the output is
written to a texture bound as a draw buffer (texture 2). After
the completion of the step, the roles of texture 1 and 2 are
swapped: texture 1 is bound as a draw buffer and texture
2 as a read buffer. This functionality has been introduced
by the OpenGL framebuffer object extension. It enables
a lightweight and more flexible memory model for GPU’s
that avoids costly context switches as only one framebuffer
is necessary.

As described in [1], a pixel based sensitivity correc-
tion is necessary for our 3D reconstruction algorithm. The
model was computed as explained in section 1 and is stored
in a reduced system matrix (R) as shown in figure 4. It con-
sists of 288 slices parallel to the detector surface at increas-
ing distance (along the z-axis). Ideally this system model
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Fig. 3. Fragment program acting as a kernel on each pixel
of a 2D texture bound to the drawable framebuffer. A feed-
back loop is established by swapping two identical textures
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Fig. 4. Compressed system matrix C and reduced system
matrix R. The row elements of R represent blurring kernels
and are added and stored in the pixels of the compressed
system matrix.

should describe the probability of detection c ij of a photon
from each voxel in each detector element. However, using
symmetry it is sufficient to store this only for voxels in the
plane perpendicular to the x-axis and centered over the de-
tector. A transformation is then required in order to place
the correct sensitivity profile at the current voxel. Figure
4 shows how the spatial blurring kernel bj , which specifies
the sensitivity profile of a voxel over the central detector el-
ement, is stored in all 288 slices. Using symmetry is it again
sufficient to store the blurring kernel for the 96 voxel ele-
ments of the lines in the plane along the y-axis that cover
half of the image space dimension. A condensed form is
also calculated as matrix C, which adds all elements of each
row together. Each row in C therefore represents a slice of
R and thus a perpendicular distance to the detector. This
condensed form is used to create the normalization image∑

i cij for each voxel in the image space as shown in figure
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Fig. 5. A normalization map is calculated by a backprojec-
tion. A fragment program acts as a kernel looping over all
(x,y) voxels in 4 z slices at a time.

5. This step is actually a backprojection, which loops over
all voxels of the image space. For each SPECT angle, and
for each spin angle over a certain voxel (x,y,z), the trans-
formation is calculated which indexes into the compressed
matrix C which contains the contribution to the voxel. This
part of the algorithm is executed by a fragment program
which loops over all spin angles for 4 z positions at the
same time. Therefore 48 slices need to be rendered, each
looping over all SPECT angles in OpenGL.
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Fig. 6. The forward projection step to calculate a sinospino-
gram.

The forward projection of the MLEM algorithm is shown
in 6. The projection is not a sinogram but a sinospinogram
due to the extra rotation of detector around its own axis as
explained in [1]. The OpenGL code loops over all (x,y) po-
sitions for each SPECT angle and activates a fragment pro-
gram which loops over al z positions. Each element of the
sinospinogram is calculated by spreading out each (x,y,z)
value of the current image estimate by the corresponding
blurring kernel in the reduced system matrix R. This is in



effect a ”scatter operation” which is not directly possible on
a GPU as each pixel writes to a predefined output position.
This scatter operation was however easily converted into a
gather operation as for each pixel in the sinospinogram it is
possible to calculate which elements will contribute to it.
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Fig. 7. The sinospinogram estimate is corrected by the
sinospinogram measured by the acquisition and backpro-
jected into the image space.

Fig. 8. The analytical cylindrical phantom (central transax-
ial slice)

The backprojection step is similar to the calculation of
the normalization image as shown in figure 7. The OpenGL
code loops over all SPECT angles and 48 z-slices, while
the fragment program calculates 4 z positions at a time
for every (x,y) pixel. The reduced system matrix is rep-
resented in a different ordering format to reduce memory
bandwidth. The blurring kernel is now stored orthogonally
into 2L slices, with 2L the width of the blurring kernel. For
each voxel at a certain SPECT angle and a certain spin an-
gle, a transformation is calculated to index into a row ele-
ment of the sinospinogram obtained in the forward projec-
tion step. Each value around this central element of the row
must then be multiplied by the corresponding element of
the blurring kernel in the system matrix. The result is also

Fig. 9. The forward projection of the analytical phantom at
the 30th SPECT angle.

Fig. 10. Reconstruction of the cylindrical phantom at the
9th iteration (central transaxial slice).

updated by the measured sinospinogram. Both the mea-
sured and estimated sinospinogram are stored in the differ-
ent color channels of the slices of the sinospinogram matrix
in order to conserve memory bandwidth. Once the back-
projection is calculated it is weighted by the normalization
image before the next iteration step can occur.

3.2. Benchmark reconstructions

An analytical phantom in the form of a cylinder, shown in
figure 8, was used to assess the image quality. The phantom
was forward projected using the GPU for 60 SPECT angles
and for each SPECT angle over 256 spin angles in order
to obtain sinospinograms as shown in figure 9. Next, the
sinospinograms were used for both the software and hard-
ware reconstruction. The reconstruction volume consisted
of 192 slices of 192x192 pixels. Both software and hard-
ware reconstructions were run on an intel P4 2.8Ghz pro-
cessor with an nvidia 6800 ultra GPU.



Fig. 11. Reconstruction of the phantom image at the 9th
iteration (central sagittal slice).

Fig. 12. Normalized difference image comparing the GPU
and CPU forward projection at the 30th SPECT angle for
the 9th iteration.

3.3. Assessment of image accuracy

The accuracy assessment of the GPU implementation con-
sists of three parts. Firstly both the forward projections and
the reconstructed images of the software and hardware al-
gorithm are compared over nine iterations. The root mean
squared (RMS) value for the reconstructed images was nor-
malized by the mean software image value (µ1) in a re-
gion of interest covering the actual calculation grid. The
RMS value for the forward projected images was normal-
ized by the mean software image value over the whole grid
(µ2). Both normalized RMS values (NRMS) are expressed
in equation 2 where s(k) and h(k) represent pixel k of re-
spectively the software and hardware reconstructions and

Fig. 13. Normalized difference image comparing the GPU
and CPU reconstruction at the 9th iteration (central sagittal
slice).

forward projections.

NRMS =

√P
N
1 (s(k)−h(k))2

N−1

µ1,2
(2)

Secondly, both the software and hardware reconstructed im-
ages are compared seperately to the analytical phantom.
The mean squared error (MSE) and the peak signal to noise
ratio (PSNR) are determined for both reconstructions over
nine iterations. The MSE is shown in equation 3 where a(k)
represents a voxel value of the analytical phantom. The
PSNR is defined by equation 4 where MAXI is the max-
imum pixel value of the image. It serves as a measure of
quality of the reconstruction, taking into account the power
of corrupting noise through the MSE.

MSE =
∑N

1 (s, h(k) − a(k))2

N − 1
(3)

PSNR = 20 log10

(
MAXI√

MSE

)
(4)

Finally, a difference image between software and hardware
at the 9th iteration is generated. The difference images for
both the forward projection and the reconstructed image
provide a visual impression of the spread of the error and
were normalized by their respective mean software value.
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Fig. 14. The NRMS values over nine iterations for both the
forward (grey) and backward (black) projection steps.

4. RESULTS

Figures 10 and 11 show a central transaxial and sagittal
slice of the reconstruction at the 9th iteration for the GPU
algorithm. The difference images in figures 12 and 13 pro-
vide an indication of the spread of the error between the
software and hardware reconstruction. The normalized RMS
value over nine iterations is shown in figure 14. The error
remains under 8x10−4 for the backward projection and re-
mains under 1.2x10−3 for the forward projection. The re-
sults for the comparison of the reconstructions with the an-
alytical phantom are shown in figures 15 and 16. Both the
MSE and the PSNR values for the GPU visually coincide
with the software algorithm. The difference is plotted on
the right axis and remains under 3x10−5 for the MSE and
under 1.6x10−4 for the PSNR. The software reconstruction
had a duration of 453 minutes per iteration, while the GPU
version completed an iteration step in 44 minutes resulting
in a factor 10.3 speed increase.

5. DISCUSSION

5.1. Accuracy

The 6800 ultra GPU stores 32 bit floating point values in-
ternally using the IEEE standard 754 floating point format.
However, not all GPU instructions are as accurate as their
CPU counterpart. Library functions such as the sine and co-
sine are approximated and rounding errors might occur in
an intermediate step before storing the result in the standard
floating point format. Longer instructions such as ’multi-
ply and add’ are often subjected to these errors. The re-
construction algorithm however mainly depends on trans-
formations of pixel positions and thus rotations which are
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Fig. 15. Left axis: MSE of the GPU (black dashed line) and
CPU (grey line) reconstruction compared to the analytical
phantom. Right axis: difference values (black line)

reasonably accurate. The resulting floating point value is
then floored to an integer value in order to determine the
rows and columns as the index into the matrices. There-
fore a small error could occasionally result in a different
row or column than would be the case for the software al-
gorithm. The software versus hardware comparison shows
that although the RMS value slightly increases per iteration
number for the reconstructed image, the error is insignifi-
cantly small. Moreover, as shown by the comparison to the
analytical phantom this error does not result in a less ac-
curate approximation per iteration step when compared to
the software solution. The difference images illustrate that
the spread of the error follows the spread of the counts in
the image. We can conclude that the GPU reconstruction
provides nearly equal accuracy compared to the software
algorithm.

5.2. Speed

The reconstruction data is kept inside GPU memory for the
duration of forward projection and the backprojection steps.
Although it is possible to keep all data in GPU memory dur-
ing the whole reconstruction it is not always beneficial to
do so. The 2 seconds delay introduced by downloading a
memory buffer from the GPU to main memory is insignif-
icant compared to the duration of the forward projection
and backprojection steps while a different and more suit-
able data format can decrease the bandwidth usage of the
next step. This is obvious for the backprojection, in which
the reduced system matrix was replaced by an orthogonal
version. This way only 5 texture values (each with 4 floats)
need to be read instead of 20 (consisting of 1 float). The
speed increase of 10.3 was achieved by exploiting the par-
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Fig. 16. Left axis: PSNR of the GPU (black dashed line)
and CPU (grey line) reconstruction compared to the analyt-
ical phantom. Right axis: difference values (black line)

allellism of the GPU through the design of the algorithm.

6. CONCLUSION

This paper has focused on the implementation of a 3D re-
construction algorithm for rotating slat collimators using
graphics hardware. The results showed a 10-fold speed
increase, without making any compromise regarding accu-
racy. The algorithm was transformed into a GPU streaming
model in order to exploit the inherent parallellism of graph-
ics hardware. The graphics card used in this paper is a sub
$400, commercially available solution which is able to out-
perfom recent CPU’s while maintaining the same level of
accuracy.
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