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We have developed a three-dimensional computer simulation
of SPECT imaging. We have applied the simulation procedure
to the realistic mathematical Hoffman three-dimensional brain
model to generate the projection data (in the absence of
attenuation, scatter, or noise) of both a parallel-hole and a
multidetector SPECT system with point-focusing collimators.
The simulated projection data were then reconstructed using
standard software. The projection data resulting from the
distribution of grey matter alone, or grey and white matter,
were simulated. The results of these simulations indicate the
existence of significant qualitative and quantitative artifacts in
reconstructed human brain images. For example, the recon-
structed values for grey matter along a cortical circumferential
profile in a transverse slice through the basal ganglia varied
by a factor of 2.40 (parallel-hole) and 2.99 (point-focusing),
although the original grey matter values were identical in all
cortical regions in the model. We have compared the simu-
lated reconstructed images with those obtained by imaging
the physical three-dimensional Hoffman brain phantom, which
was constructed based upon the same set of data from which
the mathematical three-dimensional Hoffman brain model was
derived. Although the simulation did not include all of the
degrading factors present in the physical imaging, the two
images were in good agreement, indicating the applicability
of the simulation to a realistic situation and the importance of
the detector resolution effect.
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Using the muscarinic acetylcholinergic receptor
(mAChR) binding radioligand (R,R)-['*’I[4IQNB and a
multidetector point-focusing SPECT instrument, we have
found apparent deficits in the posterior parietal cortex in
normal volunteers and in Alzheimer’s disease patients (/,
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2). These apparent deficits may be due to altered radio-
activity localization or to imaging/reconstruction artifacts.

The quantitative potential of SPECT or PET for esti-
mating the regional concentration of neuroreceptors or
blood flow can be degraded by inaccuracies in kinetic
modeling of radiotracer localization. as well as inaccuracies
in image reconstruction. In particular, a shape- and size-
dependent recovery coeficient (3) could cause two regions
with identical radioactivity concentration artifactually to
appear to have significantly different radioactivity concen-
trations. For example, this phenomenon would be trouble-
some in the case of the muscarinic cholinergic receptor,
which is distributed uniformly throughout the grey matter
of the cerebral cortex (4). In this case, there may be an
apparent regional difference of radioligand localization
caused by differing regional thicknesses of cortical grey
matter.

We have previously reported the results of computer
simulation studies using a multi-detector point-focusing
SPECT instrument and the grey matter distribution within
a brain slice cylinder (5,6). We now extend those studies
by: (a) including simulations using an ultra high-resolution
parallel-hole SPECT instrument; (b) using the mathemat-
ical three-dimensional Hoffman brain model (7); (c) sim-
ulating grey and white matter in addition to grey matter
alone; and (d) imaging the physical three-dimensional
Hoffman brain phantom that was constructed based upon
the same set of data from which the mathematical three-
dimensional Hoffman brain model was derived (7).

MATERIALS AND METHODS

imaging Physical Phantom

A physical Hoffman three-dimensional brain phantom with a
grey-to-white matter ratio of 5:1 (7) was filled with approximately
15 mCi (555 MBq) of ®™Tc in 1400 ml of water, taking care to
avoid introducing air bubbles. The phantom was scanned 4 hr
after filling using the Trionix Triad three-headed camera with a
set of ultra high-resolution parallel-hole collimators, and 7 hr
after filling using the Strichman 810 with a set of 572 hole point-
focusing collimators. A description of the physics of point-focus-
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ing instrumentation has been given previously (5,6,8). The ac-
quisition parameters for parallel-hole collimators are 13.6 cm
rotational radius, 15% energy window, 120 angular views, ap-
proximately 0.23 X 10° counts/slice, 64 X 64 array with 3.56 mm
pixel™' for the projection data. Those for point-focusing colli-
mators are 20% energy window, 2.5 X 10° counts/slice, 20 slices,
12 lines, and 6 mm slice spacing.

For the parallel-hole collimators, the measured projection data
were reconstructed by filtered backprojection in the spatial do-
main using a Hamming filter with cutoff frequency 0.43 pixel™'
and corrected for attenuation with Chang’s first-order correction
method (9) by using the circular boundary of the physical Hoff-
man three-dimensional phantom. For point-focusing collimators,
the measured projection data were reconstructed with the man-
ufacturer’s reconstruction software (version 2.51) using the rela-
tively high-resolution filter which we previously determined to be
optimal for human imaging systems (6). These filters are pro-
prietary, and no information is available about their design.
Attenuation correction was applied using the manufacturer’s
software with an “absorption length” equal to 60 pixels (/0).

Detector Response Characteristics

For point-focusing collimators, the three-dimensional point
spread function (3DPSF) was experimentally measured as previ-
ously described (6). The 3DPSF represented the projection data,
not the reconstructed image, and was normalized so that the
integrated volume was equal to unity.

For parallel-hole collimators, the 3DPSF was experimentally
measured using a line source: polyethylene tubing (1 mm i.d., 28
cm length) was filled with a ™ Tc solution (15 mCi (555 MBq)
in 0.2 ml) and the ends of the tubing thermally sealed. The tubing
was secured on top of a flat surface as a straight line source. The
camera face was positioned at several distances from the source,
zero to eight plexiglas sheets (1.3 X 23 x 23 cm) were positioned
between the line source and the detector, and the source was
imaged for 2 min. The line source was imaged using the Triad
SPECT system. The acquisition parameters were: 15% energy
window, 128 X 128 array with 1.11 mm pixel™' for the projection
data. The acquired data were decay- and attenuation-corrected.

The averaged profile perpendicular to the line source was
analyzed as the sum of three Gaussians using an iterative nonlin-
ear least squares curve fitting program. Relative, rather than
absolute, residual errors were used in the curve fitting procedure
in order to fit adequately the low amplitude tails. The parameters
to be fit were the amplitude (A), sigma (o), and center of each
Gaussian. The first Gaussian represented the geometric detector
response, and the second and third Gaussians represent the
components due to scatter within the plexiglas, septal penetration,
and scatter within the crystal. A and ¢ for all three Gaussians
could be modeled as functions of the distance between the line
source and the detector face and the depth of the plexiglas
scattering medium. Only the first Gaussian, which represented
the geometric detector response, is used in the simulations pre-
sented here, and A and ¢ for this component could be modeled
as a function of the distance (D) between the line source and the
detector face and the depth (d) of the line source within the
scattering medium (A = 2,094 counts — 4.957 counts/mm D; for
O0mm=<d <39 mm, ¢ =1.407 mm + 0.01298 D + d (—9.667
X 107 + 4.312 X 107°D), and for 39 mm < d < 250 mm, o =
1.369 mm + 0.01466 D), for D < 250 mm, where D and d are
given in mm. For comparison, at D = 130 mm, for the second
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Gaussian A = 8.57 counts, and ¢ = 10.24 mm; and for the third
Gaussian A = 1.75 counts, and ¢ = 49.86 mm. The sigmas for
both the response from the line source and from the point source
would theoretically be the same; however A for the response for
the point source must be computed from the formula: Apse =
Avse/(sqrt(27)oLse) (see Appendix).

These formulas for A and ¢ are derived from measurements
of a 1-mm line source and can be used in simulations in which
the object resolution is | mm (see Results, section 1). For simu-
lations in which the object resolution is 3 mm, the appropriate
formulas for A and ¢ were derived by analysis of the projection
data resulting from simulations of a 3-mm cube: a mathematical
model of a 3-mm cube was prepared by packing together twenty-
seven 1-mm voxels. The projection data were simulated at a series
of distances between the cube and the detector, as done for the
brain simulation shown in Figure 2, except only one fixed angular
view was simulated. The projection data at the different distances
were analyzed in a manner identical to that described above for
the 1-mm diameter line source, except that Apsg was determined
directly rather than using the formula: Apsg = Ay se/(sqrt(2x)oyse).
In order to facilitate comparison with the formulas given above
for the 1-mm line source, however, we present the formula for
Avsr using the inverse relationship Ajsp = Apse(sqQrt(27)oise): A =
51071 counts — 111.23 counts/mm D; for 0 mm < d < 39 mm,
o= 1.5596 mm + 0.012611 D + d (—1.0987 x 107* + 4.1941 x
107°D), and for 39 mm < d < 250 mm, ¢ = 1.5156 mm +
0.014289 D.

Imaging Simulation Studies

The in-slice resolution of the digitized mathematical Hoffman
brain model is | mm X 1 mm with 6-mm interslice spacing. We
were able to represent the model using cubic voxelsof 1 X 1 X 1
mm, so that a slice in the original model would be 6 voxels in
thickness. For all the isolated slice simulations, we utilized a slice
of 1 voxel thickness. In order to represent the three-dimensional
brain model at a voxel resolution of 3 mm X 3 mm X 3 mm, we
sampled every third voxel within the transaxial slice, and then
duplicated and extended each transaxial slice to an axial length
of 2 voxels.

The simulated projection data are built up as the successive
summation of projection data for each nonzero voxel: for each
nonzero voxel, the measured 3DPSF is multiplied by the voxel
value, translated according to the voxel position, and summed
into an array containing the accumulated simulated projection
data. Symbeolically, a nonzero voxel at position (i,j,k) contributes
OBJ(i,j,k)3DPSF(i’-i,j’-j,k’-k) to PROJ(i’j’,k’), where PROJ is
the simulated projection data and OBJ is the mathematical
radioactive object. This computation is object-driven. For paral-
lel-hole simulations, we used a modification in which an analy-
tical expression for the 3DPSF was used in place of tabulated
measured numerical data. For simulations which included both
grey and white matter, two separate simulations were performed,
and the projection data added together in a ratio of 5:1 to simulate
the S:1 ratio in the physical phantom. (7).

For point-focusing collimators, the simulated projection data
were converted to the format required by the manufacturer’s
reconstruction software. The simulated projection data were re-
constructed. The same filter used for the physical phantom was
applied in the simulations. The reconstruction algorithm auto-
matically performs a background subtraction based upon the
radioactivity detected in certain positions of the projection data.

The Journal of Nuclear Medicine ¢ Vol. 32 ¢ No. 10 » October 1991



For parallel-hole collimators, we applied the same filter used
for the physical phantom. Since the simulation studies did not
include the effect of attenuation, we did not apply an attenuation
correction to any of the simulated projection data.

Data Analysis

Regions of interest (ROIs) were drawn using the theoretical
maps of grey matter (Fig. 1B), white matter (Fig. 1C) or ventricles
(not shown). Circumferential cortical profiles were determined as
described previously (5,6,/1), using the circumferential path
drawn on the theoretical map of grey matter (Fig. 1D). A circum-
ferential profile was obtained by tabulating the counts in pixels
along a circumferential path chosen manually so as to lie entirely
within cortical grey matter pixels, approximately parallel to the
exterior outline of the cortex. Approximately 30 control points
are interactively selected, and these are automatically connected
by straight line segments. Approximately 85 pixels along the
straight line segments are sampled programmatically and the
counts are plotted against the distance along the path.

Data obtained using circumferential profiles were normalized
such that their mean is equal to unity. Data obtained using the
ROI template (Table 1) were normalized by several methods:

1. Data in columns 1 and 2 were scaled separately so that the
maximum was equal to 100. Then data in columns 3-4

FIGURE 1. Digitized transverse slices through the basal gan-
glia chosen from the three-dimensional Hoffman brain model (7),
indicating ROIs or circumferential path. Grey matter with 1-mm
voxels (A), grey matter with 3-mm voxels with ROIs used in
analysis superimposed as greyish regions (B), white matter with
3-mm voxels with ROIs used in analysis superimposed as greyish
regions (C), and grey matter with 3-mm voxels with black dots
indicating the location of the circumferential path (D). For ROls,
two grey levels are used in order to facilitate visually distinguish-
ing adjacent regions of interest.
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were scaled by the same scale factor used for column 1. The
same procedure was repeated for columns 8-10.

2. Data in individual columns 5 and 6 were normalized so
that the maximum value was equal to 100.

3. Data in columns 7 and 11 were normalized so that the
mean values for the grey matter regions were equal to the
mean values for the grey matter regions in columns 4 and
10, respectively, for the purpose of comparison with the
simulated data in those columns.

RESULTS

Resolution of Brain Model Representation and of
Sampling

Visual comparison of the brain model grey matter (Fig.
1A), with a simulated isolated slice parallel-hole recon-
struction of this same grey matter with 1-mm resolution
for the projection data and 64 angular views, in the absence
of attenuation, scatter, or noise (Fig. 2), indicates the high
degree of performance of this system. In order to decrease
the computational requirements for subsequent three-di-
mensional simulations, the brain model was represented
at 3 X 3 X 3 mm resolution (Fig. 1 B), with 3-mm resolution
for the projection data and 64 angular views. Visual com-
parison of the reconstruction of the grey matter with 3-
mm resolution for the projection data and 64 angular
views (Fig. 3) with that obtained at the higher resolution
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FIGURE 2. Simulated recon-
structed image of grey matter
in an isolated 1-mm thick basal
ganglia slice imaged with par-
allel-hole collimators. One-mil-
limeter resolution was used for
the object and projection data
sampling and 64 angular views
were utilized.

(Fig. 2) indicates a slight blurring effect. Quantitative
comparison using ROIs (Table 1; columns 1, 5) indicates
good agreement for grey matter structures and slight de-
viations for some white matter and ventricular structures.
The good agreement for the grey matter structures is also
indicated in the circumferential profiles (Fig. 4). The mod-
est deviations are due to both the resolution of the object
representation (Table 1, columns 5, 6) and to the resolu-
tion of the projection sampling (Table 1; columns 1, 6).
There is a negligible effect of increased angular sampling
(Figs. 3, 5; Table 1; columns 1, 2). For all parallel-hole
simulations described below, we used 3 X 3 X 3 mm brain
model resolution with 3-mm resolution for the projection
data and 64 angular views.

Simulation of Grey Matter in an Isolated Basal Ganglia
Slice Using Parallel-Hole Collimators

There is some spillover of reconstructed counts into the
white matter and ventricular structures, for both the high-
est resolution (Table 1; column 5) or the lower resolution
(Table 1; column 1) simulations. The circumferential pro-
files for the simulated image (Fig. 4) show that an apparent
approximately two-fold variation in cortical radioactivity
concentration can arise from regions that are theoretically
of identical radioactivity concentration.

Simulation of Grey Matter in a Basal Ganglia Slice
Within a Three-Dimensional Brain Using Parallel-Hole
Collimators

Circumferential profiles (Fig. 6) for an isolated brain
slice (Fig. 3) and a brain slice within a three-dimensional
brain (Fig. 7A) indicate that the out-of-slice contribution
has little effect on the shape of the cortical radioactivity

FIGURE 3. Simulated recon-
structed image of grey matter
in an isolated 3-mm thick basal
ganglia slice imaged with
parallel-hole collimators.
Three-millimeter resolution was
used for the object and projec-
tion data sampling and 64 an-
gular views were utilized.
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FIGURE 4. Circumferential profiles for parallel-hole recon-
structed images in Figures 2 and 3.

distribution. On the other hand, the absolute values were
significantly different (Table 1; columns 1, 3), indicating
a quantitatively large out-of-slice contribution. This large
contribution is not surprising, since a thin (3 mm) slice
was simulated.

Simulation of Grey and White Matter in a Basal
Ganglia Slice Within a Three-Dimensional Brain Using
Parallel-Hole Collimators: Imaging of the Three-
Dimensional Hoffman Physical Brain Phantom

The grey-to-white matter ratio in the simulated recon-
structed brain slice (Fig. 7B) is approximately 2.5:1 (Table
1; column 4) in comparison with the theoretical ratio of
5:1. For the physically imaged brain phantom (Fig. 8), the
grey-to-white matter ratio is approximately 2:1 (Table 1;
column 7), in comparison with the theoretical ratio of 5:1.
Comparison of the shapes of the circumferential profiles
(Fig. 9) and the tabulated ROI data (Table 1; columns 4,
7) for the simulated and physically imaged phantoms
indicates the correspondence between the two images.

Simulation of Grey Matter in an Isolated Basal Ganglia
Slice Using Point-Focusing Collimators

For the reconstructed image of the grey matter distri-
bution in an isolated slice using point-focusing collimators
(Fig. 10), there is some spillover of counts into the white
matter and ventricular structures (Table 1; column 8). The

FIGURE 5. Simulated recon-
structed image of grey matter
in an isolated 3-mm thick basal
ganglia slice imaged with par-
allel-hole collimators. Three-
millimeter resolution was used
for the object and projection
data sampling and 120 angular
views were utilized.
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FIGURE 6. Circumferential profiles for parallel-hole recon-
structed images in Figures 3 and 7A.

circumferential profile (Fig. 11) for the simulated image
shows that an apparent approximately three-fold variation
in cortical radioactivity concentration can arise from re-
gions that are theoretically of identical radioactivity con-
centration.

Simulation of Grey Matter in a Basal Ganglia Slice
Within a Three-Dimensional Brain Using Point-
Focusing Collimators

Comparison of circumferential profiles (Fig. 11) for an
isolated brain slice (Fig. 10) and a brain slice within a
three-dimensional brain (Fig. 12A) indicate that the out-
of-slice contribution has little effect on the shape of the
cortical radioactivity distribution, but this effect is some-
what larger than that for parallel-hole simulations (Fig. 6).
This effect with parallel-hole and point-focusing collima-
tors can be compared quantitatively by computing the
RMS errors between the isolated slice and the slice within
the three-dimensional model. RMS errors, computed using
profiles that all have an identical number of sampling
points and whose means are all normalized to unity, are

FIGURE 7. Simulated reconstructed image of grey matter (A)
and grey and white matter in a 5:1 ratio (B) in a basal ganglia
slice within a full three-dimensional brain model imaged with
parallel-hole collimators. Three-millimeter resolution was used for
the object and projection data sampling and 64 angular views
were utilized.
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FIGURE 8. Physically meas-
ured reconstructed image of a
basal ganglia slice within the
physical brain phantom imaged
with parallel-hole collimators.

0.06 and 0.12 for parallel-hole and point-focusing colli-
mators, respectively.

The absolute values were significantly different for
point-focusing collimators (Table 1; columns 8, 9), indi-
cating a quantitatively large out-of-slice contribution. This
out-of-slice contribution (approximately six-fold) is larger
than that for parallel-hole collimators (Table 1; columns
1, 3; approximately three-fold).

Simulation of Grey and White Matter in a Basal
Ganglia Slice Within a Three-Dimensional Brain Using
Point-Focusing Collimators: Imaging of the Three-
Dimensional Hoffman Physical Brain Phantom

The grey-to-white matter ratio in the simulated recon-
structed brain slice (Fig. 12B) is approximately 2.5:1 (Table
1; column 10) in comparison with the theoretical ratio of
5:1. For the physically imaged brain phantom (Fig. 13),
the grey-to-white matter ratio is approximately 2.5:1
(Table 1; column 11) in comparison with the theoretical
ratio of 5:1. The circumferential profiles (Fig. 14) and the
tabulated ROI data (Table 1; columns 10, 11) for the
simulated and physically imaged phantoms permits a
quantitative comparison between the two images.

15
(2
z
S 1.0
o
o
o
w
N
i 0.5
3
]
z
——— simulated
—==e=—  measured
0.0 T T ™ T
0 20 40 60 80
SAMPLING POINT ALONG
CIRCUMFERENTIAL PROFILE

FIGURE 9. Circumferential profiles for parallel-hole recon-
structed images in Figures 7B and 8.
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FIGURE 10. Simulated re-
constructed image of grey mat-
ter in an isolated basal ganglia
slice imaged with point-focus-
ing collimators.

DISCUSSION

The simulated reconstructed images of the Hoffman
three-dimensional brain model (Figs. 7B, 12B) demon-
strate the qualitative degradations that might be expected
in the reconstructed images of radioactivity distributed
within a real brain. The simulation omitted several factors
(attenuation, scatter, and noise), which degrade a real
reconstruction, since one of the advantages of using sim-
ulation studies is that factors that normally act in combi-
nation in the physical process can be separately studied
and each individual effect evaluated. Thus, we present
these results as a baseline for future comparison with the
results when attenuation, scatter, and noise will be in-
cluded. This approach will allow us to develop methods
for compensating for these factors and to evaluate these
methods by comparison of the compensated image with
the image obtained in the absence of the degrading factor.

In spite of the omission of these factors, we still report
substantial deviations from the theoretical image for the
simulations of neuroreceptor imaging, and it may only be
of theoretical interest to determine how much further
degradation occurs when these factors are included. Al-
though the simulation (Figs. 7B, 12B) omitted these fac-
tors, there are qualitative similarities with a reconstructed
image of the physically measured brain phantom (Figs. 8,
13). The circumferential profiles (Figs. 9, 14) and the ROI
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FIGURE 11. Circumferential profiles for point-focusing recon-

structed images in Figures 10 and 12A.
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FIGURE 12. Simulated reconstructed image of grey matter (A)
and grey and white matter in a 5:1 ratio (B) in a basal ganglia
slice within a full three-dimensional brain model imaged with point-
focusing collimators.

data (Table 1; columns 4, 7, 10, 11) derived from the
simulated and physically measured brains provide a quan-
titative estimate of the contribution of imaging artifact to
the apparent cortical deficits, particularly in the posterior
parietal region. The circumferential profiles (Fig. 9, 14)
show that an apparent two- to three-fold variation in
regional radioactivity concentration can artifactually arise
from regions that are of theoretically identical radioactivity
concentration. There are significant deficits in the recon-
structed image of the simulated data, although the math-
ematical model had no deficit. The same types of artifacts
which we have demonstrated in the simulated images may
also occur in the physically measured images of human
subjects (2,5,6).

The high frequency variation in the simulated high-
resolution circumferential profiles (Figs. 9, 14) is not the
result of noise or statistical fluctuation, since the simula-
tions were noise-free. As shown previously for point-fo-
cusing collimators (5,6), these variations are completely
deterministic, and are a function of the angular position
of the detectors relative to the brain slice, the three-dimen-
sional spatial dependence of the cortical thickness, and the
position and orientation of the cortical regions.

Both parallel-hole and point-focusing collimators ex-
hibit qualitatively similar artifactual variations along the
cortical circumferential profiles (Figs. 9, 14), indicating
that this artifact may be a general property of SPECT

FIGURE 13. Physically meas-
ured reconstructed image of a
basal ganglia slice within the
physical brain phantom imaged
with point-focusing collimators.
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FIGURE 14. Circumferential profiles for point-focusing recon-
structed images in Figures 12B and 13.

imaging, not a property of a particular imaging device.
The circumferential variation is slightly greater for point-
focusing than for parallel-hole collimators, but this differ-
ence is small compared to the magnitude of the overall
variation. Thus, it is clear that SPECT images represent a
combination of anatomy and function, but not function
alone. The finite resolution of the imaging system imposes
a limitation on our ability to measure pure function. This
couples anatomy into the image in a complex nonlinear
way.

We have demonstrated that the quantitative potential
of SPECT for estimating the regional concentration of
neuroreceptors or blood flow can be degraded as a result
of finite detector resolution and inaccuracies in image
reconstruction. In particular, a shape- and size-dependent
recovery coefficient causes two regions with identical ra-
dioactivity concentration artifactually to appear to have
significantly different radioactivity concentrations.

The major difference between parallel-hole and point-
focusing collimators is the nature of the out-of-slice con-
tribution. This distortion is both qualitative (Figs. 6, 11)
and quantitative (Table 1; columns 1, 3, 8, 9). This effect
will tend to diminish our ability to detect variations due
to a disease state if that variation is localized within a
single slice.

Comparison of the simulated reconstructed brain slice
(Fig. 7B) to the physically measured phantom (Fig. 8)
indicate the degree of realism of the simulation procedure.
Inclusion of additional degrading factors in the simulation
procedure, such as attenuation, scatter, and noise, would
be expected to further improve the correspondence of the
simulated image with the physically measured image.

The major limitations of the simulation procedure are:
(a) the low resolution representation of the brain model
that we used in order to decrease the time required for
computation, and (b) the omission of additional degrading
factors such as attenuation, scatter, and noise. Future
studies are planned that will overcome these limitations.
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Possible applications of the simulation procedure in-

. clude: (a) aiding in reducing mistakes in interpreting an

apparent deficit as representing a physiologic variation,
and (b) utilization in a quantitatively accurate iterative
reconstruction algorithm. The importance of incorporat-
ing a realistic three-dimensional model of the imaging
procedure can be understood by a quotation from Parker
(12):

“The most important part of the iterative reconstruction
is the model of the data collection operation.... The
model, A, of the data collection process is much more
important than the reconstructor, H. Generally speaking,
the reconstructor affects how rapidly the estimate ap-
proaches the correct answer, but the model of the data
collection determines how accurate the reconstruction will
be.”

APPENDIX

COMPUTATION OF PSF FROM LSF
Assume that the PSF is given as:

PSF(xy2) = £ AMPrsi(i)e™ V2%, Eq. |

where AMPps(i) = AMPpse(iz,d), opse(i) = apse(ifz,d): z =
distance, d = depth.
LSF(y,z) is defined as:

LSF(y,z) = J: PSF(x,y,z)dx.

Eq.2
By substituting Equation | into Equation 2:
LSF(y,2) = 3 f AMPpge(i)e 47 2orsstd
= z f AMPPSF(i)e—xz/Za:sr(i)e—yIIZu:SF(i)dx
=3 AMPPsF(i)e-yz/ZﬂisF(i) f e~/ 2opselglx
= 3 AMPrse(i) v27 opse(i)e™me®.  Eq.3
Equation 3 suggests that LSF(y,z) can be modeled as:
LSF(y2) = £ AMPyse(i)e™"isr,
where
¢7[_sf:(l) = Upsp(l) Eq. 4
and
AMP, (i) = AMP (i) V27 0p(i). Eq.5
Therefore
. AMP, ¢ (i)
AMP = ——— .6
porll) V27 apse(i) Ea
1929



By replacing Equations 4 and 6 into Equation 1, PSF can be
computed from LSF as:

= AMP, ¢ (i) —(C+y) 267 i)
PSF(x,y,z) ‘|£, N o) e : Eq.7
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