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A long bore fan beam collimator for imaging the head was designed and constructed for a
SPECT system with a rotating scintillation camera. In order to avoid the patient’s shoulder
during rotation of the camera with a thick camera housing, the long bore design is necessary
to allow the collimator to get close to the patient’s head for improved spatial resolution.
Operating at the minimum radius of rotation, the prototype fan beam collimator provides
about the same spatial resolution as the high resolution collimator, while the geometric
efficiency is equal to ~85% of that of the general purpose and ~55% higher than the high
resolution collimator. Images from a phantom study demonstrate good image quality and are
void of artifacts. Comparative clinical studies on temporomandibular joints (TMJ) between the
LEGP and fan beam collimators also confirm the superior image quality obtained with the fan

beam collimator.
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In order to obtain the best spatial resolution in single
photon emission computed tomography (SPECT) im-
aging. the radius of rotation should be kept at a mini-
mum. In SPECT imaging of the head, the shoulder of
the patient hinders the approach of the collimator when
the camera has a thick housing. There are a few ap-
proaches to alleviate this problem, one of which is to
decrease the thickness of the camera housing. This
requires a change in the design of the camera and has
been marketed recently by a commercial manufacturer
(1). A second method is to use slant hole collimators
(2). The problem with this approach is that the spatial
resolution varies among different reconstruction slices
due to the change of spacing between the collimator
and the patient’s head.

In this paper, we describe the design and investigate
the clinical utility of a long bore fan beam collimator
for SPECT 1maging of the head. In order to avoid the
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patient’s shoulder during rotation, the fan beam colli-
mator consists of long holes which protrude beyond the
camera housing. To compensate for the loss of geomet-
ric efficiency due to the long hole length, the fan beam
geometry proposed by Jaszczak et al. was used (3,4).
The collimator holes in the transverse reconstructed
image plane are tapered and converge to the same focal
point. In the longitudinal direction, the collimator holes
are straight and parallel for data collection of contiguous
image slices.

The design is guided by a theoretic analysis of the
physical characteristics of the collimator. The prototype
collimator has a spatial resolution of 12 mm at 15 cm
radius of rotation. The geometric efficiency is ~85% of
that of the low-energy general purpose collimator
{(LEGP) and is about 55% higher than a parallel hole
collimator design which has the same hole length and
spatial resolution.

A fan beam reconstruction algorithm with attenua-
tion correction was implemented. The parameters of
the fan beam collimator and of the imaging geometry
were determined and incorporated in the reconstruction
algorithm. Processing time was decreased significantly
by using an array processor in the image reconstruction.
Phantom studies were performed to evaluate the colli-
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mator and the reconstruction algorithm. Clinical stud-
ies of the temporomandibular joints (TMJ) showed
improved diagnostic image quality obtained by using
the fan beam collimator as compared to the LEGP
collimator.

THEORY

Geometric Response of Converging-Hole and Fan
Beam Collimators

In considering the response of a conventional paral-
lel-hole collimator, an effective point source response
function is defined as the image of a point source that
would be obtained if the collimator was uniformly
translated (5,6). For a camera collimator with con-
gruent straight parallel holes and negligible septal pen-
etration, the translation motion is equivalent to aver-
aging the point source images formed for various posi-
tions of the collimator hole array with respect to the
point source position. Thus, the effective geometric
point source response function of the collimator is shift-
invariant and can be determined by the geometric
effects of a single hoie (6).

Equivalently. for the converging hole collimator, the
effective point spread function can be considered as the
average of point source images formed for various
rotational positions of the collimator hole array around
the center hole and for various positions of the colli-
mator hole as they move towards the center holes.
Furthermore, if the hole apertures at the collimator
backplane are identical, the effective point source re-
sponse function can be determined by the geometric
effects of a single hole.

Assuming that the point source is located at a point
on the axis of the collimator and at a distance Z from
the collimator face, the average photon fluence which
passes through both the front and back hole apertures
and reaches a point T in the image plane is given by

k
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where ay(f) is the aperture function of the collimator
hole at the backplane, L is the collimator hole length,
B is the gap between the collimator backplane and the
image plane in the crystal, k is a proportionality con-
stant and the integration is taken over the entire image
plane. If the dimension of the hole is small compared
to the hole length L, the quantity || will be small
compared with (Z + L + B) when #(f) is nonzero. Then,
the term in front of the integral in Eq. (1) is essentially
a constant.

The two-dimensional Fourier transform of ¢(F) is

(1)
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often easier to work with and from Eq. (1) we find

i ([_ FZ+ L+ B)]-)
Wz [

where Ay(7) = Ay(7)/Ar(0) is the normalized two-dimen-
sional Fourier transform of a hole aperture at the back-
plane and Ay(») is the Fourier transform of ay(%).

The spatial resolution of the collimator in the recon-
structed image planes can be represented by the line
spread function measured in the plane of the converging
holes. On the axis of the fan-beam geometry, the cross
section of ®(») in Eq. (2) in the plane of the fan gives
the Fourier transform of the corresponding line spread
function. This provides a measure of the spatial reso-
lution of the fan beam collimator. At points away from
the axis of the fan beam geometry, the spatial resolution
deviates from that on the axis. The deviation increases
with distance from the axis of the fan beam and with
decreased focal length (4).

Among different collimator holes shapes, the hexag-
onal hole shape gives the maximum geometric effi-
ciency for the same average spatial resolution (7) and
is chosen in our design. For ease of construction, it is
best to have the planes of the converging holes parallel
to a side of the hexagon of the collimator hole. The
aperture function in this orientation is given by (6)

AQ) = % (2 sin(v38) + [sinc(@)]h), 3)

where sinc (x) = sin (x)/x, 8 = 7wr and w is the width
of a side of the hexagonal-shaped holes. By substituting
Eq. (3) in Eq. (2), we obtain the transfer function of the
collimator on the axis of the fan beam geometry and
the one-dimensional Fourier transform yields the cor-
responding line spread function. This provides a pre-
diction of the geometric response of the fan beam
collimator as a function of the source distance and the
shape, width and length of the collimator holes.

Figure 1A shows examples of the predicted spatial
resolution (in terms of FWHM) as a function of source
distance for three hypothetical fan beam collimator
designs using Eqgs. (1), (2), and (3). All three collimators
have the same focal length of 58 cm, but different hole
lengths and sizes to give the same spatial resolution of
9 mm at 15 ¢cm from the collimator face.

Based on the theoretic prediction in Egs. (1), (2), and
(3), we also simulated the spatial resolution in the
reconstructed image for a given source location and
radius of rotation (8). In the simulation, the line source
i1s oriented parallel to the axis of rotation. At each
projection angle, the distance between the collimator
and the line source is determined and the predicted line
spread function is used as the projection profile. From
the simulated projection data, the reconstructed image
of the line source can be obtained.

The full width at half maximum (FWHM) values of
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A: Predicted spatial resolution (FWHM) of line spread function of three hypothetical fan beam collimator designs as
function of source distance. B: Spatial resolutions of point spread functions measured in radial (—) and tangential
directions (---) in reconstructed image as function of distance from center of rotation obtained from simulations using
collimators in A. Simulation assumed hexagonal hoie shape and intrinsic resoluticn of 0.38 cm

the line source image measured tangentially and radially
as a function of distance from the center of rotation are
shown in Fig. 1B. For source locations away from the
center of rotation, the reconstructed images of the line
source are asymmetrical resulting from the variations
in spatial resolution in the projection data at different
angles. In general, longer collimator hole length gives
rise to smaller changes in spatial resolution as function
of distance from the collimator and less degree of
asymmetry in the reconstructed image. Thus, collima-
tors with longer hole length are more suitable for use in
SPECT imaging (9).

Geometric Efficiency of Fan Beam Collimators
Unlike the parallel hole collimator, the geometric
efficiency of a fan beam collimator is a function of the
source distance Z and is approximately given by
G = G()

0<Z<F, 4)

_F
(F-12
where F is the focal length of the fan. The geometric
efficiency Gy at the collimator face is given by (7)
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where L. = L — —, (Area), and (Area) are the area of
i

the back and front apertures, respectively, L and L. are
the length and effective length of the collimator holes,
respectively, and u is the attenuation coefficient of the
septal material. Equation (4) shows that the geometric
efficiency of the fan beam collimator increases with
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shorter focal length. For a fixed focal length, the geo-
metric efficiency increases as the source moves towards
the focal point with the concurrent decrease of the
image field size.

MATERIALS AND METHODS

Collimator Design for Head Tomography

Our design goal for a prototype fan beam collimator
was to achieve a spatial resolution about equal to that
of a high resolution collimator (HRES) at the normal
operating radius of rotation while maximizing the geo-
metric efficiency. The theoretic formulation described
in the previous section was used to determine the
parameters of the collimator design to achieve the above
stated goals.

The dimensions of the fan beam collimator designed
for the GE 400 A/T" SPECT system are shown in Figs.
2A, B, and C. The collimator holes are 13 cm long with
8.5 cm extended beyond the face of the camera housing.
This allows the radius of rotation to be as short as 15
cm without being obstructed by the patient’s shoulders.
In the transverse reconstructed image plane (Fig. 2A),
that is perpendicular to the axis of rotation, the colli-
mator holes are tapered and arranged in such a way
that the hole axes are all focused to the same point.
Assuming a typical patient’s head with diameter equal
to 20 cm is located 15 cm from the collimator face, the
minimum focal length required is 58 cm. In the longi-
tudinal direction (Fig. 2B), the walls of the collimator
holes are straight and parallel such that contiguous and
paraliel reconstruction slices can be obtained. The area
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of the collimator with respect to the crystal area of the
scintillation camera is shown in Fig. 2C.

Given the geometric configuration of the fan beam
collimator in Fig. 2, simulations using Egs. (2) to (5)
allowed us to determine the hole size for the fan beam
collimator for a given spatial resolution and predict the
geometric efficiency of the collimator. Specifically, Egs.
(2) and (3) were used to obtain the transfer functions at
various source distances for a given hole size. Fourier
transformation of the transfer function yielded the line
spread functions from which the spatial resolutions in
terms of FWHM can be obtained. Once the hole size
was specified, the geometric efficiency of the collimator
was determined by Egs. (4) and (5).
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FIGURE 2

Design of fan beam collimator for SPECT imaging of head.
A: Side view. In transverse reconstructed image plane,
collimator holes are tapered and are arranged such that
hole axes are focused to same focal point. This arrange-
ment results in fan-shaped field of view. B: End view. In
longitudinal direction, walls of collimator holes are straight
and parallel such that contiguous and parallel reconstruc-
tion slices can be obtained. C: Area of crystal covered by
fan beam coliimator

Measurements of Physical Characteristics

The physical characteristics of the fan beam colli-
mator were measured for comparison with theoretic
predictions. Line spread functions were measured for a
10 cm length of polyethelene tubing (0.38 mm i.d. and
1.14 mm o.d.) filled with technetium-99m (***Tc) per-
technetate. The line source was oriented perpendicular
to the planes of the converging holes and placed on the
axis of the fan beam geometry. Images of the line source
were collected at different distances from the collimator
face both in air and in a water phantom. A 20% window
peaked at 140 keV was used. The data were measured
with a pixel size at the image plane of (.16 cm. Images
of a pair of line sources with 10 cm spacing were also
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collected at the same source distances as in the line
spread function measurements. The spacings between
the line sources in the images were used to calculate the
magnification calibration factor and to determine the
sampling intervals at the corresponding distances.

The geometric efficiencies of the fan beam, the LEGP
and the HRES collimators were measured using a point
source of **™Tc, placed on the axis of the collimators
and at various distances from the collimator face. The
results were used for comparison.

Image Reconstruction and Attenuation Correction

The implementation of the image reconstruction al-
gorithm for the fan beam collimator data collection is
based on the convolution method (10-15). Projection
data at each angle are convolved with the convolution
function (/5) and are then backprojected. The algo-
rithm corrects for the variations in detection efficiency
due to the fan beam geometry. The parameters for the
fan beam collimator and for the reconstruction geom-
etry are determined (/5). They included the focal length
of the collimator, the radius of rotation, the location of
the focal point projected onto the projection data, and
the center of rotation with respect to the axis of the fan
beam geometry.

The attenuation correction algorithm developed for
the image reconstruction of the fan beam data is based
on the preprocessing correction method (/6). An ellip-
tical body contour was determined by a nonlinear data
fitting technique (/7). Assuming the attenuation coef-
ficient is constant inside the elliptical body contour, the
projection data are corrected for attenuation before the
reconstruction algorithm is applied.

Phantom Studies

To evaluate the performance of the fan beam colli-
mator and the image reconstruction algorithm, phan-
tom studies were performed. The SPECT phantom?
consists of a 20-cm diameter cylindrical container
which is filled with water. The top half of the phantom
contains six arrays of plastic rods with diameters rang-
ing from 4.8 to 12.7 mm and arranged into six pie-
shaped patterns. The lower half contains an array of six
plastic spheres with diameters ranging from 9.5 to 31.8
mm. By injecting radionuclides of **Tc¢ in the phan-
tom, the rod and sphere patterns appear as cold regions
with various sizes in the image.

During data collection, the axis of the SPECT phan-
tom is placed at a distance of 15 cm from the collimator
face and parallel to the axis of rotation. The projection
data were collected from 128 views of 64x64 matrices
over 360°. A uniform flood image with 30 million total
counts was obtained using the fan beam collimator to
correct for nonuniformity of the projection data.
Reconstructed images were obtained using the fan
beam reconstruction algorithm and the attenuation
correction method described earlier,
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Clinical Studies

Further evaluation of the fan beam collimator was
made with clinical studies of the temporomandibular
joints (TMJ). Patients were given 15 mCi of *™Tc
labelled HDP intravenously and, 3 hr later, projection
data were obtained using both the LEGP and the fan
beam collimators. To achieve the best spatial resolution,
the radius of rotation was minimized. On the average,
the minimum radius of rotation was ~22.5 for the
LEGP collimator was and 15 cm for the fan beam
collimator. The projection data were digitized in 64x64
matrices. This gave a reconstructed pixel size of 6.4
mm for the LEGP and 3.8 mm for the fan beam
collimators. A total of 128 views over 360° around the
patient’s head were collected. The acquisition time per
view was 10 seconds resulting in a total imaging time
of about 25 min per collimator study. Image reconstruc-
tion and attenuation correction methods described ear-
lier were applied to obtain the reconstructed images
with slice thickness equal to 6.4 mm in both studies.

RESULTS AND DISCUSSION

Prototype Fan Beam Collimator

The construction of the fan beam collimator used
corrugated sheets of lead 0.01 in. thick. As shown in
Fig. 3, the corrugation forms the converging hole con-

= 6.9 mm
13cm
A =56 mm
B
FIGURE 3

Construction of fan beam collimator using corrugated
sheets of lead. A: Single corrugated sheet with focused
corrugation. B: Fan beam collimator is formed by stacking
corrugated sheets
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B cycles/cm

figuration and produces tapered collimator holes with
hexagonal shape when the sheets are stacked and glued
together. Also, the uniform thickness of the corrugation
forms the parallel sides of the collimator holes in the
longitudinal direction with double-thickness walls on
opposed sets of flats where the corrugated sheets abut.
Based on the design objective and related theory, the
hexagonal hole at the central axis of the collimator has
a flat-to-flat dimension of 6.9 mm at the base and 5.6
mm at the face of the collimator.

Spatial Resolution and Geometric Efficiency

Figure 4A shows examples of the line spread function
measurements in air and Fig. 4B shows the correspond-
ing transfer functions. In using a sampling width of 1.6
mm in the measurements, the effect of the long colli-

FIGURE 4

A: Measured (—) line spread func-
tions of fan beam collimator are com-
pared with theoretic (-—-) predic-
tions as function of source distance.
B: Transfer functions of fan beam
collimator, calculated from measured
line spread functions, are compared
with theoretic predictions

mator septa is shown as ripples superimposed on the
line spread functions and as an increase in the high
frequency component in the transfer function. In the
actual SPECT data collection, however, when a sam-
pling size of 6.4 mm is used, the ripples are averaged
out. This is demonstrated in the response functions at
a source distance of 15 cm shown in Figs. 5A and B.
Excellent agreement between measured and theoretic
predictions are obtained.

Figure 6A shows the spatial resolution of the fan
beam collimator design {in terms of FWHM) as a
function of source distance in comparison with the
parallel hole LEGP and HRES collimators. The FWHM
values of the predicted line spread function for the fan
beam collimator were derived from Egs. (2) and (3)
using the design parameters shown in Fig. 2 and the

I

A (CM) B
FIGURE 5

.6 .8 10
SPATIAL FREQUENCY (cycles/cm)

A: Effect of sampling size on measured line spread functions of fan beam collimator. At sampling size of 6.4 mm in
actual SPECT data collection, ripples shown in Fig. 4A (—) are averaged out (==). B: Effect of sampling size on transfer
functions of fan beam collimator. (-—-) Represents theoretical prediction
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method described earlier. When the conventional par-
allel hole collimators are used, the patient’s shoulders
restrict the radius of rotation to a minimum of 22.5
cm. At this distance of radius of rotation, the spatial
resolution is ~18 mm for the LEGP and 13.5 mm for
the HRES collimators, respectively. The extended hole
design as shown in Fig. | allows the radius of rotation
to be as short as 15 cm for the fan beam collimator
with a spatial resolution of 12 mm.

In Fig. 6B, the theoretic geometric efficiency of the
fan beam collimator [Eqs. (4) and (5)] is shown as a
solid line. This was normalized with respect to that of
the LEGP collimator. The measured sensitivity of the
LEGP collimator is ~330 cpm/uCi. The geometric
efficiency of the HRES collimator normalized with
respect to that of the LEGP collimator is also plotted
for comparison. At 15 cm from the collimator face the
geometric efficiency of the fan beam collimator equals
~85% of that of the LEGP and is ~55% higher than
that of the HRES collimator.

Image Reconstruction and Attenuation Correction

The reconstruction algorithm and attenuation cor-
rection method were initially implemented on the GE
STAR computer system?® in Fortran code. The process-
ing times per 64 X 64 image slice with 128 projection
angles were ~2 min and ~2%: min for reconstruction
with and without attenuation correction, respectively.
To increase computational speed, the reconstruction
software was implemented on an array processor® in
assembly code. By taking advantage of the parallel and
pipeline processing capabilities of the array processor,
we were able to cut the processing time per 64 X 64
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slice for reconstruction without attenuation correction
to ~6 sec. Presently, the attenuation correction method
is still coded in FORTRAN and requires ~30 sec of
additional processing time.

Phantom Studies

Figure 7A shows the reconstructed images of the
SPECT phantom without applying a preprocessing filter
to the projection data. Images in the right and left
columns have been processed with and without atten-
uation correction, respectively. Figure 7B shows the
same results but with a 3 X 3 smoothing filter applied
to the projection data. The total counts are about 18
million in the images through the rod pattern by aver-
aging over four slices and about 9 million in the images
of the spheres by averaging over two slices. The phan-
tom images in Fig. 7 demonstrate the good image
quality obtainable with the fan beam collimator and
the image reconstruction algorithm.

Patient Studies

Figures 8A and B show the reconstructed transaxial
images of the temporomandibular joint (TMJ) from
the same patient using the LEGP and fan beam colli-
mators. The levels of the SPECT slices are carefully
matched for optimal comparison. In general, better
detail of the anatomy of the bone structure is visible in
the reconstructed images obtained with the fan beam
collimator. Although increased uptake is seen in the
right TMJ with LEGP images, the details of the abnor-
mal uptake are better demonstrated by the fan beam
images. Such improved resolution is clinically relevant
since we are able to determine that, in this case, the
lateral aspect of the TMJ is involved.

The Journal of Nuclear Medicine



Volume 27 * Number 6 « June 1986

FIGURE 7

Reconstructed images of SPECT
phantom obtained from using fan
beam collimator. images in the right
and left columns were processed
with and without attenuation correc-
tion, respectively. In images of rod
pattern and of spheres, total counts
are ~18 million and 9 million, respec-
tively. A: No filtering. B: Projection
data had been smoothed with a 3x3
smoothing fitter
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FIGURE 8

Reconstructed images from patient
with right TMJ disease, using LEGP
{8A) and fan beam (8B) collimators.
While increased uptake in right TMJ
is evident in both sets of images, fan
beam images demonstrate involve-
ment of lateral portion of joint
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SUMMARY

We have demonstrated the clinical utility of a long
bore fan beam collimator which was designed and
constructed for SPECT imaging of the head using a
commercial system. At normal operating radii of rota-
tion, the fan beam collimator provides about the same
spatial resolution as the HRES collimator and with
geometric efficiency equal to ~85% of that of the LEGP
collimator. A fan beam reconstruction algorithm and
attenuation correction method were implemented.
Processing time was decreased significantly by imple-
menting the reconstruction algorithm in an array pro-
cessor. Images produced through phantom studies are
of good quality and void of artifacts. Initial clinical
studies on the TMJ demonstrate superior reconstructed
image quality obtained with the fan beam as compared
with the LEGP collimator.

Due to the thick camera housing of the commercial
SPECT system, the collimator utilizes long holes to
avoid the patient’s shoulder during camera rotation and
at the same time to draw close to the patient’s head.
However, the extended hole design results in lower
geometric efficiency as compared to a design with the
same spatial resolution but shorter hole length. For a
camera with thinner housing that will clear the patient’s
shoulders (7), a fan beam collimator can be designed
with the same hole length and spatial resolution of the
LEGP collimator but having a 1.6 gain in geometric
efficiency. The method of collimator design described
in this paper can be applied to this design and other fan
beam collimators in general.

FOOTNOTES

* General Electric Co., (General Electric 400 A/T), Medical
Systems Group, Milwaukee, WI.

*Data Spectrum Corp. SPECT phantom, Deluxe Model
(Model No. 5000), Chapel Hill, NC.

§ General Electric Co. Medical Systems Group, Milwaukee,
WI. The GE STAR computer system consists of a Data
General NOVA 4x 16 bit minicomputer with 32 K core
memory.

Y General Electric Co. Medical Systems Group, (Analogic
AP400 24 bit block floating array processor), Milwaukee, WI.
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