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Abstract

An iterative technique for the removal of artifacts caused by the near field
effects of a coded aperture imaging system is presented. The technique, which
we call z-Clean, first locates high energy sources within a three dimensional
field of view using a least squares method and then removes the artifacts using
a method similar to that of the CLEAN algorithm used in radio astronomy;,
but instead operating in the detector shadowgram domain rather than the
final image domain. Computer simulations were performed of observations
of four point sources of different intensities and at different depths from the
detector. Both a continuous detector of lem FWHM detection capability
and a pixellated detector with 0.2cm square pixels were investigated using a
Modified Uniformly Redundant Array coded aperture of element size 0.6cm.
The efficacy of the z-Clean technique for artifact removal is demonstrated
for both detector types for the three strongest sources of 100kBq, 50kBq
and 10kBq using plane separations of 2cm, lcm, 0.5¢cm and 0.1cm, to leave
only small ghosts lying up to around 2cm from the reconstructed source
depth. For twenty trials of each observation, the three strongest sources are
reconstructed no further than 0.7cm from the closest plane with many being
from Ocm to 0.5cm for both detector types. The depth location for all three
strongest sources using both detector types is no worse than 0.5cm from
the actual source depth and is in most cases much better, being closer than
0.1cm for the strongest source at plane separations of 1cm, 0.5¢cm and 0.1cm.
z-Clean was not able to remove the artifacts nor determine accurately the
depth of the weakest source of 5kBq and in general sources that experience
a phasing error are less accurately located although still better than 0.5cm
from the actual source depth for all such cases. The artifact removal and very
good depth location come at the expense of an impact on the signal to noise
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ratio (SNR) of the sources. For the strongest source and using the continuous
detector the SNR increases unexpectedly to give values higher than that for
observations made only in the critical plane due to the ghosting of this source
in other planes at different depths. For all other cases there is a decrease in
SNR which is more marked for finer plane separations and for weaker sources.

Keywords: coded aperture, three dimensional imaging, tomography,
gamma ray imaging, image processing

1. Introduction

Coded aperture imaging has become the major technique for forming im-
ages in the high energy domain [1, 2, 3, 4]. In this technique, an aperture
consisting of opaque and transparent elements is placed between a photon
emitting source and a position sensitive detector. The result is a shadow-
gram on the detector, which in some applications can be saved on computer
as a dataset consisting of a set of Cartesian coordinates for each count on the
detector - a form known as list mode - and in others may instead be stored
as a matrix of counts in the form of pixels. We hereafter refer to a detector
operating in list mode as continuous and a detector consisting of pixels as
pizellated. The detector shadowgram needs to be subsequently decoded to
produce a reconstructed image of the source distribution. The coded aper-
ture technique was originally proposed for high energy astronomical imaging
[4] including X-rays [5] and gamma-rays [6] where the incoming radiation
effectively comes from infinity and therefore rays from a point source that
reach the detector are parallel to each other. This means that the object
distribution is essentially a flat two-dimensional (2D) field with the decoded
image being a similarly flat reconstruction of the source distribution.

However other applications of coded apertures have also been proposed,
many using near field optics including medical imaging [7, 8] and land mine
detection [9]. In the near field the object is placed close to the detector, and
so the rays from a point in the object diverge giving rise to different problems
compared to the far field. The near field itself may be thought of as a stack
of 2D planes, each parallel to the aperture and detector but lying at different
distances from the detector [8]. We hereafter refer to the perpendicular
distance of a point or a plane from the detector as its depth. In tomography
an attempt is made to ascertain the source distribution in each plane from
the detector shadowgram and hence produce an overall three-dimensional
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(3D) image. To this end a number of studies into tomographical imaging
have been conducted [8, 10, 11, 12, 13]. While it is possible to create images
in different planes by discretising the detector data accordingly and decoding
each plane, artifacts in the decoded image of one plane typically arise due to
the presence of sources from other planes. For example Kazachkov et al. [§]
were able to ascertain the different depths of three point sources by ‘focusing’
on each plane although the non-focussed sources from the other planes are
still visible in the form of blurred artifacts. Similarly Mu and Liu were able
to determine in which of nine planes, each separated by a centimetre, lay two
extended objects in the shape of a ‘“V” and ‘H’, although again, large artifacts
remained in the other planes [13].

The results in [8] and [13] indicate that further processing of their 3D
images is possible. Therefore in this article we attempt to achieve this with
an iterative source removal similar to the CLEAN algorithm used in radio
astronomy [14].

2. Coded Aperture Imaging

For many practical coded aperture imaging applications, the system often
chosen is what we term a perfect system, namely one where the correlation
function of the aperture has perfectly flat sidelobes and the shadowgram is
congruent to a unit pattern (also sometimes called the basic pattern) of the
aperture [3]. Such systems include the uniformly redundant arrays (URA) [3]
and modified uniformly redundant arrays (MURA) [15]. Note that in far field
imaging, such as in astronomy, when using a perfect aperture with a detector
that is the same physical size as the aperture unit pattern, all point sources
lying in the fully coded field of view (where they project a shadowgram over
the entire detection plane) will generate a shadowgram that is congruent to
the aperture unit pattern and so such a system is always perfect. However,
forming images in the near field will only be perfect for URAs and MURAs
if all sources being imaged lie in the exact plane that enables these sources
each to cast a shadow of exactly one unit pattern or its cyclic repetition onto
the detector. Here we refer to such a plane of a perfect system as the critical
plane. It is evident that only one critical plane exists for a given perfect
coded aperture system (which for astronomical applications lies at infinity)
and that these coded aperture systems lose their perfect imaging capability
when used to observe a scene in which the sources lie at different depths
because the aperture portions cast by such sources cannot all simultaneously
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be congruent to the aperture unit pattern. Therefore forming images using
a coded aperture in the near field presents different problems compared to a
flat image from sources at large distances.

Consider a coded aperture imaging system based on a square geometry
with an aperture to detector separation of s. Also consider two point sources
a and f positioned respectively at depths z, and zs from the detector as
shown in Fig. 1. Source « lies at a smaller depth and casts a shadow of
a portion of the aperture onto the detector. This portion is shown as a
small square on the aperture and the shadow that it casts is shown on the
detector. Source [ is situated at a larger depth than source « and it casts
a shadow of different portion of the aperture, shown as a larger square,
onto the detector. To avoid confusion, the shadow of [ is not shown. The
closer source casts a smaller aperture portion while at the same time casting
larger shadows of the individual aperture elements than the further source.
While the relative sizes of the shadows of the apertures and their elements
from the different sources allow some depth information to be ascertained,
in the reconstruction of the final image, sources from one plane are often
seen as blurred artifacts in the other plane and vice-versa [8]. To decode the
shadowgram and create a reconstructed image of a plane at depth z, we can
adopt the following reasoning. Consider a coded aperture system based on
a rectangular geometry consisting of a (0,1) aperture A(i,j) of dimensions
V x W where A(i,j) = 1 for open (transparent) elements and A(i,j) = 0
for closed (opaque) elements and where 0 <i <V —land 0 <j <W — 1.
A number of different aperture configurations exist but for a general system
using the balanced decoding algorithm [3], we have a decoding array G(i,j)
of the same dimensions as A where:

although slight modifications to Eq. (1) exist for certain types of aperture
such as the Pseudo-Noise Product Array (PNP) [16] or the MURA arrays
[15].

Assume that we are using a continuous detector, namely one that gives the
individual detected (z,y) positions of each photon in list mode. Also consider
the reconstruction of the image of a 3D field of view (FOV) for a plane at
depth z using this detector. Since reconstructing the image requires a cross-
correlation of the shadowgram with the decoding array [3], it is necessary to
discretise the detector shadowgram into squares called bins, such that each
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Figure 1: Coded aperture imaging of near field objects.
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bin size is the same as that of an aperture element when projected from
a point source in the plane at depth z onto the detector. Therefore the
shadowgram is divided into v, X w, bins and the detected counts within each
bin are summed to give a detector array P,(i,j,) where 0 < i, < v, — 1
and 0 < j, < w, — 1. The z subscripts are used here to remind us that the
various parameters all depend on the plane depth, for example the number
of bins v, and w, both increase with increasing z.

The decoded image I.(x,,y,) for the plane at depth z is calculated as

follows:
vy—1wy—1

[Z($Z7yz) = Z Z PZ(Z-Z7jZ>G(7;Z+:CZ7jZ+yZ) (2>
z,=0 y,=0
[3]. Each (z,,y.,2) in Eq. (2) can be thought of as a 3D reconstructed
object pixel, sometimes also called a vozel. Note that since the number of
reconstructed voxels at depth z is given by (V — v, + 1,W —w, + 1) then
we have 0 < 2z, <V —wv, and 0 < y, < W — w,. Reconstruction of the
image at a given plane at depth z using Eq. (2) effectively gives an image
that is ‘focused’ on that plane. While Eq. (2) provides a method to focus
on the different planes of a 3D FOV, sources from one plane typically cause
artifacts on other planes in the image leading to overall image degradation.
The purpose of this article is to attempt to remove such near field artifacts
produced in 3D coded aperture imaging and also determine the actual depth
of the source.
Note that in far field imaging such as high energy astronomy, there is
only one image plane, lying at infinity, and so there is no image degradation
from sources in other planes.

3. Image Processing Technique: z-Clean

For the purpose of demonstrating the image processing technique we sim-
ulate a prototype coded aperture system having a number of idealised pa-
rameters. We assume a continuous square detector of width 30cm having
100% detection efficiency and perfect photon location detection. We employ
a non-repeating random pattern for the prototype system aperture and de-
fine the square central region of v x v elements as the core of the aperture
with a full aperture of dimension 2v — 1 x 2v — 1 that is not a repeat of
the core but instead an array of fully randomised open and closed elements.
Note that for a perfect aperture, the core is the unit pattern of the aperture
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with size v and the full aperture is a 2v — 1 x 2v — 1 cyclic repeat of the
core. The aperture used for the prototype is the square 13 x 13 element
random configuration with a core of v = 7 shown in Fig. 2(a) where the dark
and light areas represent the opaque and transparent aperture elements re-
spectively. The aperture elements used in the simulations are of size 2cm, of
negligible thickness and with a closed element opacity of 100%. The aperture
to detector separation is 30cm. For these parameters the depth of the plane
that casts a shadow of the central 7 x 7 aperture elements onto the detector
(the equivalent of the critical plane of a perfect system) is 56.25cm from the
detector. For this discussion we number the planes in order of z, with plane
1 being the plane closest to the detector.

For the prototype observation we take the planes as being at 56.25cm
(plane 1, also the critical plane), 61.25cm (plane 2) and 66.25cm (plane 3)
from the detector and thus we have a total of three planes with a plane
separation of becm. We assume a single point source situated in plane 2
(61.25cm from the detector) in the centre of the FOV, emitting photons with
a detection rate of 0.01 cm~2 s~!. A background rate of 0.001 counts cm~2
s! is assumed and the observation time is 600s.

The initial shadowgram showing the distribution of counts on the contin-
uous detector is shown in Fig. 2(b) where each point represents the detected
position of a photon count. Such location of the individual counts, albeit in
practice containing statistical errors, is crucial to the image processing tech-
nique. Therefore it is necessary for the data to be in list mode, and note that
the shadowgram image in Fig. 2(b) is an unbinned representation of the data
in list mode, since individual detected photon positions can be discerned.
The central portion of the aperture creating the shadowgram is clearly evi-
dent in the distribution of counts shown, with photons from the strong source
forming the central pattern of the aperture along with a weaker background.
To commence image reconstruction we take each plane and we superimpose
the projected bins from these onto the shadowgram. We hereafter refer to
the superimposition of bins onto the shadowgram as a map. The maps for
planes 1 and 2 are shown in the top images in Fig. 3. Note that the map for
plane 2 is a good fit with the shadowgram since this plane is where the source
is actually located, while the map for plane 1 represents a less good fit with
this nearer plane having larger bin sizes. To demonstrate this point more
clearly the black square shows in negative the counts corresponding to those
photons that passed through a particular open aperture element, namely two
elements up and two elements left from the central element. Note that the

7



(b)

Figure 2: Prototype coded aperture system with (a) random 13 x 13 element coded aper-
ture with the v = 7 element core shown in the central square, (b) continuous detector
shadowgram of a single point source in plane 2 at distance z = 61.25cm from the detector.
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black square corresponds exactly with a bin on the map for plane 2 but not
exactly with a bin of the map for plane 1. A similar situation exists for
plane 3, but again the fit is not as good as for plane 2, due this time to the
bins being smaller for plane 3. Binning the shadowgram gives the matrices
in the lower part of Fig. 3. Using these matrices and decoding each plane
according to the binning and cross-correlation method outlined in Section 2,
Eq. (2) we obtain the isometrically projected images in Fig. 4(a). Note that
the source, which is clearly visible with high intensity at the centre of plane
2, also appears with somewhat lower intensity at the centres of the other
planes. Thus we have results similar to those of Kazachkov et al. [8] and
Mu and Liu [13] inasmuch that sources are ‘blurred’ between planes causing
artifacts. We now attempt to remove these artifacts in our example.

We begin by determining the most likely position of a point source in
each plane. We do this by performing a simple least-squares fitting of the
shadowgram with all possible source positions within each plane of the 3D
FOV, in the form of a y? minimisation, similar to the method proposed for
astronomy by Ducros and Ducros [17]. Consider a given plane at depth z.
For this analysis we dispense with the z subscripts, recognising that we are
working in a given plane at depth z. For each possible source position (z,y)
at depth z we calculate a value of x? as follows:

<
d

W—w
X2 1/011 ]) - B - SryA<i +a,7+ y)]2 (3>
7=0

Il
o

i

(17, p. 49-50] where P(i,j) represents the bin counts, examples being the
matrices in Fig. 3, 0, is the variance of the counting statistics of P and A is
the binary (0, 1) aperture function. The quantities S,, and B are numerically
modelled values, where S,, represents the intensity per detector bin corre-
sponding to the open aperture elements at a distance z from the detector of
a source situated at a lateral (i.e. the perpendicular direction to z) source
position (z,y) and B represents the background noise per detector bin. Note
that we are here assuming a uniform background of B which is independent
of both the source location and detector location. For each possible lateral
source position (x,y) we set the partial derivatives of x? in Eq. (3) with
respect to B and S, to zero, calculate B and S, from the resulting pair
of simultaneous equations and then calculate y? by substituting for B and
Szy back into Eq. (3), giving x? values for each lateral source position (z,y).
Repeating this procedure for all planes gives a 3D matrix of x? values for

9



plane 1 plane 2

19 12 48 15 91 58 90 8 4 4 36 4 3 31 4 1
12 77 22 18 128 89 109 2 11 10 12 11 114 9 102 41
12 23 101 21 113 92 58 4 10 107 6 11 101 97 83 33
45 10 13 108 136 43 123 2 11 3 108 9 96 97 8 37
41 22 38 35 117 36 83 31 13 6 8 102 121 13 106 38
61 100 124 113 107 27 45 30 9 6 15 9 115 8 112 2
67 68 81 108 99 95 14 3 8 98 109 99 103 6 8 43

30 8 8 94 91 8 98 10 S5

Figure 3: Maps for planes 1 and 2, consisting of bins superimposed on the detector shad-
owgram. Also shown are the detector image matrices after the counts have been binned.
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plane 1 plane 2 plane 3

Figure 4: Decoded images for the prototype system for each plane: (a) without z-Clean
image processing (b) after the use of z-Clean.
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all possible voxel positions (z, v, z) within the 3D FOV. For example the >
values for the maps in Fig. 3, for a source in the centre of the FOV of plane
2 are 9.51 for plane 1 and 1.29 for plane 2. The calculation for plane 3 is
2.85. All other possible source positions in the 3D FOV give larger y? values
than these three. The 3D position having the lowest value of x? is deemed
to be the most likely position to contain a point source. We call this point
a candidate which is in position (z1,yi, 21) of the 3D reconstructed image.
In our example therefore, the map that produces the first candidate is that
for the central reconstructed voxel of plane 2. This is because the fit of this
particular map is the best. We now process this candidate position by deter-
mining for the candidate its value of S;,, which we now denote by S, and
removing from the detector shadowgram S; randomly chosen counts from
each of the bins of the map for plane 2 in Fig. 3 that correspond to an open
aperture element at candidate position (x1, 41, 21) to give a new shadowgram
with fewer counts. An initial 3D matrix T'(x,y, z) with zero-valued elements
is defined and the total number of removed counts are then stored and added
to cell (x1,y1,21) of T to be used later. The number of counts subtracted
from each bin not at the boundary of the map needs to be equal for each
corresponding open aperture element, which is S;. For an open element bin
at the map boundary we subtract the same number of counts but multiplied
by the fraction of the bin areas ‘occupied’ by the detector shadowgram in
that bin. After subtracting and storing counts, we perform a second iteration
of the whole process but this time on the new shadowgram to determine a
second candidate with position (z2, Y2, 22) and Sy, = S>. The corresponding
counts are subtracted from the relevant bins of the new shadowgram and
added to T'. Note that in different iterations, candidates may coincide but
the procedure continues the same. Note also that if there are no counts to
subtract from a particular bin then no subtraction takes place from that bin
although subtractions from other bins continue. However it is worth noting
at this point that the large source and background fluxes used in this study
give high detector counts so this situation does not eventuate.

We continue the process until eventually a candidate returns a source
intensity S;, of a negative value which indicates that all possible positive
sources have been exhausted. We then perform a cross-correlation of the
remaining shadowgrams with the decoding function as per Eq. (2) for each
plane and finally we add the data from the matrix T to the corresponding
voxels from the planes of I, to produce the final decoded images. Note that
this is similar to the technique used to remove artifacts from coded aperture

12
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systems having imperfect detectors in [18] and is similar to the CLEAN
algorithm used in radio astronomy [14] but we here operate in the detector
shadowgram domain rather than the final reconstructed image domain. For
ease of discussion we hereafter refer to the whole image processing technique
as 2-Clean, with processed images being referred to as having been z-Cleaned.

In our prototype example the z-Cleaned images are shown in Fig. 4(b).
We can see that the reconstructed source position is clearly visible in plane
2, the actual plane containing the source, while the artifacts in the other
planes have been largely removed although some minor ‘ghosting’ can be
seen in the central pixel of plane 3. Note also that the z-Clean technique has
the added benefit of removing much of the noise produced by the random
nature of the coded aperture, with the processed images in Fig. 4(b) having
flatter sidelobes than those in Fig. 4(a). This is to be expected, since the
CLEAN algorithm is capable of removing a range of significant artifacts,
which includes those caused by the random noise produced when using a
coded aperture that does not have perfect imaging capability, such as the
random aperture used in the prototype.

We conclude this section by commenting on the point that in coded aper-
ture imaging, cleaning can be accomplished either by operating in the 2D
shadowgram domain, and subtracting individual photon counts from the de-
tector, or operating in the 3D reconstructed image domain and subtracting
spurious peaks from each of the planes being studied. We here adopt the
approach of subtracting from the 2D detector domain as it is much simpler
than the complex computation when operating in the 3D domain.

4. Computer Simulations

Computer simulations were conducted to test the z-Clean technique de-
scribed in Section 3 when using two types of high energy photon detector: a
continuous detector and a pixellated detector. It is evident that a continu-
ous detector is a certain type of idealised detector inasmuch that data can
be acquired in list mode and hence affords the user the opportunity to define
the bin size according to a particular plane depth being studied. However in
practice, detectors are often not continuous but are instead pixellated. For
example 0.2cm pixels are typical for cadmium zinc telluride detectors. There-
fore for most applications it is also necessary to assess the z-Clean technique
when used with a pixellated detector.
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For both types of detector, a number of assumptions are made when per-
forming the simulations, including a few idealisations. For the continuous
detector, staff at Auckland Hospital were consulted as to the expected per-
formance of such a detector system when using a coded aperture. As a result
of these discussions, the continuous detector simulated is a square 35cm by
35cm plate, possessing a photon location accuracy that has a Gaussian pro-
file with a full width at half maximum (FWHM) of lem. For the pixellated
detector we employ 0.2cm pixels which, assuming a 35cm X 35cm detector
(or an array of smaller detectors with a total size of 35cm x 35cm) gives a
detector with 175 x 175 pixels. The pixellated detector is assumed to have
the capability of rejecting simultaneous multi-site events and hence able, for
example, to reject any photons that undergo Compton scattering that de-
posits energy in more than one pixel. For both detectors a photon detection
efficiency of 70% is assumed.

For both the continuous and pixellated detectors systems, the aperture
pattern chosen is a square MURA with unit pattern (or core) of size v = 31,
cyclically repeated to give an overall aperture of size 61 X 61 elements (namely
20 — 1 x 2v — 1) and 50% throughput shown in Fig. 5. Past research by
Fenimore [19] and by in’t Zand et al. [20] into optimum aperture throughput
show that, while values other than 50% may be best for certain source fields,
a 50% throughput still gives very good results for point source observations.
Furthermore, as the purpose of this study is to demonstrate the efficacy of
z-Clean, we here use the more well-known MURA aperture for simplicity
and familiarity while recognising that testing z-Clean with different aperture
types is a possible area for further research that is beyond the scope of this
study. The aperture to detector separation is set at 30cm and aperture
elements of size 0.6cm are chosen giving an overall aperture size of 36.6¢cm.
The reason for choosing this aperture element size is that it means that the
projected aperture elements from sources in the FOV onto the detector are of
the order of the FWHM of the continuous detector. Perfectly square aperture
elements of negligible thickness are assumed with a closed element opacity
of 99%. A uniform detector background of one count cm™2 s™! is assumed.
Observation time is 600s.

For all simulated observations, a field with four point sources of different
intensities is chosen. The first is of activity 100kBq situated at a depth of
72cm from the detector and lying in the centre of the FOV, the second is
of activity 50kBq at a depth of 74.7cm and lying to the left of the central
source, the third is 10kBq at 69.5cm, lying to the right of the central source

14



Figure 5: MURA coded aperture of v = 31 and overall size 61 x 61 used in the simulations
of Sections 5 and 6. The central v X v unit pattern, or core, is also shown inside the black
edged square.
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and the fourth is 5kBq at 71cm lying roughly halfway between the centre and
the lower left corner of the FOV (see also Fig. 6). These source parameters
are chosen to demonstrate the efficacy of the z-Clean technique when both
weak and strong sources are present, lying at depths representing exactly
those in a plane to be decoded and also between planes to be decoded. All
sources are assumed to be in the very centre of a voxel in the lateral (x,y)
direction, which for data in list mode is always possible as we can define our
own detector bins without any great loss of generality. For each observation
twenty trials are conducted to give an indication of the spread of the signal
to noise ratio (SNR) values of the individual sources. We present results of
four point sources only, since results for fewer sources are at least as good
and in many cases marginally better than the results for four sources. The
quality of the resulting z-Cleaned images is also compared to those produced
by twenty trials of a perfect coded aperture system operating only in its
critical plane and hence not affected by depth effects.

Once the detector data is collected the z-Clean technique is applied be-
tween the minimum and maximum depths of 66cm and 78cm respectively.
For each observation the shadowgram is decoded for a range of plane separa-
tions with planes being equally separated in each case. We test the technique
for plane separations of 2cm (giving 7 planes from 66cm to 78cm), lem (13
planes), 0.5cm (25 planes) and 0.1cm (121 planes). In all cases the central
plane lies at a depth of 72cm.

As noted, the results and SNR values of the sources are compared to
those expected for a perfect imaging system operating only in its critical
plane. For this we use the same 31 x 31 element MURA. Because perfect
imaging for MURA arrays requires the source to lie in the critical plane,
we adopt the following approach to obtain correct SNR values for a point
source at a given depth. Employing the 31 x 31 element MURA aperture
we use the same system parameters as per the z-Cleaned image observations
except that we adjust the aperture to detector separation so as to place the
point source in the critical plane, where the source now casts a shadow of
exactly a full unit pattern of the aperture onto the detector. Then we make
an observation of this single source, ensuring that we adjust the background
level to take account of the extra statistics produced by the presence of the
other sources at other depths but not modulated by the aperture, and decode
using Eq.  (2) (note that we do not process this image any further as we
wish to compare our z-Cleaned images with a single decoded image of a
perfect system that suffers no degradation from depth effects). Thus we are
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comparing our simulated observation results to a genuinely perfect coded
aperture system that is observing a single source, with corrected statistics
for other sources unmodulated by the aperture. Again we perform twenty
repeated trials of each critical plane observation.

5. Continuous Detector Results

Images for a typical observation using the continuous detector are shown
in Fig. 6. Presented in this figure are the unprocessed and z-Cleaned images
for a plane separation of 2cm, and z-Cleaned images for 1cm plane separation.
Although more planes than these were processed, only those planes from
depths 70cm to 78cm are shown as there were no noticeable artifacts in the
z-Cleaned images for planes outside this range.

For the unprocessed images at 2cm plane separation large artifacts, sim-
ilar to those in Fig. 4(a), are present in all planes in the form of repetitions
of the 100kBq source at the centre of the FOV and of the 50kBq source left
of the centre of the FOV. The 10kBq source and repeated artifacts are just
visible to the right of the centre of the FOV at depths of 70cm, 72cm and
74cm. As a result of the large artifacts it is difficult to ascertain the true
depths of these sources. However, the z-Cleaned images for a plane separa-
tion of 2cm demonstrate the efficacy of the z-Clean technique, inasmuch that
the large artifacts that recur in all planes of the unprocessed images have
been largely removed from the planes where the sources are not present,
to leave the true sources clearly visible with only minor ghosting in other
planes. We here make the distinction that an artifact is a repeat of a source
appearing in a different plane to the actual source for an unprocessed image
and a ghost is such a repeat but in an image that has been processed by
the use of z-Clean. Typically the ghosts are much smaller than the artifacts.
The central 100kBq source is clearly reconstructed at its correct depth of
72cm and has also been successfully z-Cleaned, with only minor ghosting of
this source in the adjacent planes at 70cm and 74cm, as would be expected
given the imperfect photon position location capability of the detector. The
50kBq source has also been successfully z-Cleaned and the reconstructed flux
of this source, which is actually positioned at a depth of 74.7cm is shared
in roughly correct proportions between the planes either side of this depth,
namely there is a large peak in the closest plane at 74cm and a smaller peak
in the more distant plane at 76cm. The phenomenon of a single source being
shared over more than a single pixel, or in this case a voxel, is also known as
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Figure 6: Typical images for simulations using z-Clean for 2cm and lcm plane separations
for the continuous detector.
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a phasing error [21] and has been discussed in the literature for sources lying
close to object pixel boundaries in the (z,y) directions [22]. In this case we
have similar phasing error occurring but this time over more than one voxel
in the z direction. We hereafter refer to this phenomenon, when it occurs, as
phasing. The 10kBq source lying at 69.5cm is reconstructed and successfully
z-Cleaned and appears in its closest plane at 70cm although there was no
apparent phasing of this source in the 68cm plane. The 5kBq source lying
at a depth of 7lem (indicated in Fig. 6 at lem plane separation) is barely
visible at 2cm plane separation at depths of 70cm and 72cm.

For 1cm plane separation, the central 100kBq source has been successfully
z-Cleaned although there is ghosting in the adjacent plane at 7lcm and also
two planes away at 74cm, the 50kBq source is reconstructed entirely at its
closest plane of 75cm with no significant phasing of the source at 74cm, but
with ghosting at 77cm, and the 10kBq source at 69.5cm depth is visible in
the plane at 70cm but there was no ghosting or phasing of this source in any
of the other planes. The 5kBq source that lies at 7lcm depth is indicated
and is only just visible in the plane at this depth. However, close inspection
of the images reveals artifacts of this source of approximately the same size
also appearing in the planes at depths of 70cm and 72cm, indicating that no
z-Cleaning of this source has taken place.

The results in Fig. 6 represent a single typical observation for plane sepa-
rations of 2cm and lecm. However for each observation twenty trials were car-
ried out and more detailed results from these for the three strongest sources
are shown in Fig. 7 and Tables 1 and 2. Data for the 5kBq source is not in-
cluded in the tables because there was no successful z-Cleaning of this source
and hence no method of determining the parameters for the tables. Fig. 7
shows some SNR depth profiles for the three strongest reconstructed sources
at plane separations of 2cm and 1cm, as well as for the finer depth resolutions
of 0.5cm and 0.1cm. Here, and for all later observations to follow, each graph
shows profiles judiciously chosen to demonstrate a typical range of outcomes
for each case. In some cases either two or three of each of the twenty trials
are shown while for those cases where all trials, or a large majority of trials
(eighteen or nineteen) follow a particular profile, the mean profile is plotted
and marked with disks at the graph vertices. The number of such trials is
labelled appropriately on the relevant graphs. In these cases the standard
error in the mean was also calculated, although it is worth stating at this
point that for all such profiles shown, the resulting error bars are smaller
than the disks on the graphs.
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Table 1: SNR, reconstructed depth (z) and PSLA, results obtained for twenty trials of
the continuous detector for the three strongest sources. For those values without errors
quoted, the error is less than 0.001.

100kBq at 72cm  50kBq at 74.7cm  10kBq at 69.5cm

Critical plane SNR 111.7£0.3 78.8+£04 22.0£0.2
2cm plane separation
SNR 131.7£0.5 56.0 £ 0.5 11.3+0.1
z (cm) 71.93 £0.01 74.52 +0.02 69.87 + 0.02
PSLA, (cm) 0.021 0.051 0.250 £ 0.003
lem plane separation
SNR 125.5£0.5 50.3 £ 0.5 11.6 £ 0.2
z (cm) 71.99 4+ 0.02 74.81 £ 0.07 69.45 + 0.10
PSLA, (cm) 0.011 0.028 0.122 +0.002
0.5cm plane separation
SNR 1259+ 1.0 50.0 £ 0.6 11.6 £ 0.2
z (cm) 72.02 £0.01 74.46 £ 0.04 69.47 £ 0.06
PSLA, (cm) 0.006 0.014 0.061 £ 0.001
0.1cm plane separation
SNR 112.7+ 1.3 49.0+0.5 11.3+0.2
z (cm) 71.95 £ 0.02 74.60 = 0.04 69.47 £ 0.05
PSLA, (cm) 0.001 0.003 0.012
428 Table 1 presents the reconstructed SNR values for the three strongest

w20 sources, as well as the mean SNR for twenty trials of the same source oper-
a0 ating in the critical plane. The table also shows depth calculations and the
s point source location accuracies (PSLA) in the depth direction, PSLA,. All
.32 quantities are shown with standard errors in the means, unless the errors are
s33 very small in which case no errors are reported. For sources that are shared
14 between planes with a phasing error, the SNR for each trial is calculated in
a5 quadrature from the two planes containing the source, with statistics calcu-
a6 lated from the twenty different SNR values from all trials. Reconstructed
a7 source depths are calculated separately for each trial by Gaussian fitting to
a8 these individual profiles, and then mean depths with statistics are obtained
130 from the twenty trials.

440 PSLA. has also been estimated from the results and is also presented in
s Table 1. The PSLA of a coded aperture imaging system is dependent upon
a2 the source SNR. For a perfect coded aperture system operating only in its
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Table 2: Continuous detector: furthest distances of main reconstructed peaks from the
actual source depth of twenty trials for each observation of the three strongest sources.
All values are in cm. Asterisks denote actual source not lying at a plane to be decoded.

Source
Plane separation 100kBq at 72cm 50kBq at 74.7cm  10kBq at 69.5cm
2 0 0.7* 0.5%
1 0 0.7* 0.5%
0.5 0 0.7* 0.5
0.1 0.2 0.4 0.5

critical plane, the 2D PSLA in the (z,y) plane can be calculated using the
results of Skinner [23] and is given by PSLA = s x da where s is the aperture
to detector separation and da is the PSLA in radians. Using [23] Eq. (31)
and assuming aperture elements and detector pixels of size m we have

s
SNR

PSLA = k[2(m/s)?]? (4)
where k ~ 1 is Skinner’s constant. Now, in the z direction, calculating the
PSLA, which we denote PSLA,, is directly analogous to Skinner’s analysis.
Instead of a pixel of size m in the (z,y) plane we have a voxel of size d in the
z direction. Substituting this with £ = 1 into Eq. (4) and simplifying gives

1.4d

PSLA, = SR (5)

The results for the continuous detector are now discussed.

5.1. Continuous Detector - Depth Profiles

For the 100kBq source at 2cm plane separation (top graph in Fig. 7(a))
two SNR depth profiles are shown. The dark line represents the mean profile
of nineteen trials (denoted by the key in the corner of the graph) that all
follow this same general profile. As stated above, the error bars to represent
standard errors in the means are smaller than the disks at the profile vertices.
This mean profile shows a clear peak at the actual source depth of 72cm, but
with ghosts appearing in the adjacent planes at depths of 70cm and 74cm.
The remaining trial gives the dashed profile on the graph, which shows the
reconstructed source peak correctly positioned at 72cm and with a ghost
in the adjacent plane at 70cm, but also a ghost situated on the opposite
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Figure 7: Selected examples of SNR depth profiles of the three strongest sources using a
continuous detector. The graph titles show the plane separations.
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Figure 8: Profiles for the 5kBq source at 7lcm depth using 0.5cm plane separation for
both detector types.
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side of the peak at 76cm depth, which is two planes away from the main
peak. Therefore for all twenty trials the main reconstructed peak appears at
the correct depth of the source, namely 72cm, although there is a very small
amount of variation in the positions of ghosts. For the 100kBq source at both
lem and 0.5cm plane separations, Fig. 7(a) shows three profiles in each case,
one for each of three selected trials, and all producing reconstructed source
peaks at the correct depth of 72cm. However, ghosts of differing sizes appear
at varying depths, being separated from the main peak by a combination of
one and/or two planes for lecm separation and up to four planes for 0.5cm
separation, to give a range of differing profiles. The appearance of ghosts
at different depths for different trials indicates that their occurrence is not
purely systematic but contains a random component. For both of these
plane separations, the results represent a blurring of up to around 2cm from
the main reconstructed peak. As is the case for 2cm plane separation, all
trials reconstruct the main peak in the correct position at 72cm depth. For
0.1lcm plane separation, Fig. 6 shows profiles for two trials, where the main
reconstructed peaks appear at different depths for the different trials, one
in the correct position at 72cm and the other at 71.8cm. It is because not
all of the reconstructed main peaks appear in the same plane that no finer
plane separation than 0.1cm was studied for the continuous detector. Both of
the profiles for 0.1cm plane separation present non-systematic ghosts either
side of and up to approximately 2cm away from the main peaks. Again,
the variation in the positions of the ghosts for different trials indicates that
their appearance in the z-Clean process is not systematic. Table 2 shows the
furthest distance in the z direction for the twenty trials of each observation
of any of the main reconstructed peaks from the actual source depth. The
results for all three plane separations of 2cm, lem and 0.5cm have all twenty
trials reconstructing the main peak of the 100kBq source at 72cm, and hence
a furthest distance of Ocm from the actual source depth, as per Table 2. For
0.1cm plane separation the furthest distance of a main peak from the actual
source position is 0.2cm.

Profiles for the 50kBq source located at 74.7cm depth are shown in Fig.
7(b). For 2cm plane separation, eighteen trials give a profile similar to the
dark line (top graph). The phasing is evident in the sharing of the recon-
structed source flux over two planes, namely 74cm and 76cm, as to be ex-
pected from the source depth of 74.7cm. The remaining two trials give profiles
similar to the dashed line. Unlike the case for the 100kBq source, for the
finer plane separations of 1ecm, 0.5cm and 0.1cm the reconstructed peaks for
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different trials do not all appear at the same depth, as shown in the profiles,
three of which are shown for lem plane separation and two each for 0.5cm
and 0.1cm plane separations. However, for all trials of this source at 0.5cm
and 0.1cm plane separations, the main reconstructed peaks appear no further
than 0.7cm and 0.4cm from the actual source depth respectively (Table 2).
Once again, the appearance of ghosts either side of each main peak is not
systematic and seems to represent an overall blurring of around 2cm to 3cm
either side of the main peaks.

For the twenty trials of the 10kBq source for 2cm plane separation, every
trial follows the same profile as the top graph in Fig. 7(c). The main peak
is reconstructed at 70cm, which is 0.5cm from the actual source depth. The
voxels either side of the main peak are below the 30 threshold so there is no
obvious phasing of this source from the main reconstructed peak. For lem
plane separation for this source, the twenty trials follow either one of the
two profiles shown in the second graph in Fig. 7(c), with peaks appearing
at either 69cm or 70cm depth, thus being no further than 0.5cm from the
actual source depth. For the finer plane separations of 0.5cm and 0.lcm,
the reconstructed peaks also do not all appear at the same depth, although
for all trials of the 10kBq source, these peaks appear no further than 0.5cm
from the actual source depth for all plane separations. Furthermore, unlike
the two stronger sources, no ghosts appear in the profiles. This is due to the
fact that no candidates at depths other than the main peak are obtained,
probably as a result of the weak nature of the 10kBq source which is less likely
to contribute candidates in more than one iteration of the z-Clean process
while in the presence of other stronger sources and a high background level.
The z-Cleaning of the three strongest sources to remove large artifacts and
leave only a small level of minor ghosting demonstrates the efficacy of the
z-Clean technique for these three sources.

As mentioned earlier, the 5kBq source is barely visible and does not
appear to have been z-Cleaned. In Fig. 8(a) the dark line shows the mean
profile of nineteen trials for the 5kBq source at 0.5cm plane separation using
the continuous detector, indicating that for all of these trials the SNR barely
reaches 3 at around the actual source depth. There is no reconstructed peak,
and hence no z-Cleaning of the images for these trials. Note that this result
is also consistent with the 1cm plane separation images of Fig. 6 for which z-
Clean also did not remove the artifacts. However, one trial gives the dashed
profile, with a clearly reconstructed peak at 69.5cm depth, namely 1.5cm
from the actual source depth of 71cm, and lower sidelobes, indicating that z-
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Clean has taken place but giving a less accurate reconstructed peak location
than for the three stronger sources. For the other plane separations we do
not present results since the profiles obtained for all trials of the 5kBq source
were similar to those of the dark line in Fig. 6, indicating no z-Cleaning for
these cases. This would suggest that for the parameters studied, successful
z-Cleaning of a 5kBq source for a given observation would only occur very
rarely.

5.2. Continuous Detector - Reconstructed Source Depths

While Table 2 gives the furthest reconstruction of a peak from the ac-
tual source depth, Gaussian fitting of the data allows more accurate source
depth information to be determined. For each trial, the data was fitted to
a Gaussian distribution for each of the three strongest sources to determine
source depth for each trial and the statistical data was then calculated from
the twenty trials. The results are given in Table 1.

The depth location is very good in all cases for the three strongest sources
for all plane separations, with the values all being compatible with the ac-
tual depths of the three sources in all cases. In general the sources that
suffer a phasing error are located with lower precision, namely the 50kBq
source using 2cm, lcm and 0.5c¢m plane separations for which reconstructed
source depths were 0.18cm, 0.11cm and 0.24cm from the actual source depth
respectively, and the 10kBq source at 2cm and lem plane separations for
which reconstructed source depths are respectively 0.37cm and 0.05cm from
the actual source depths. For all other source observations at other plane
separations, where there is no phasing error, the reconstructed source depths
are generally better, ranging from around 0.1cm from the actual source depth
for many cases to only 0.01lcm from the actual source depth in the case of the
100kBq source at 1cm plane separation. For all cases of the three strongest
sources the depth location is very good although, outside of a phasing error
discrepancy, there is no clear systematic pattern in the ability to reconstruct
a source at the correct depth.

5.3. Continuous Detector - SNR and PSLA,

The SNR data for the reconstructed 100kBq, 50kBq and 10kBq sources
using all plane separations is given in Table 1, along with values for the
critical plane observations. For the 100kBq source the reconstructed SNR
for all plane separations unexpectedly exceeds the value for the critical plane
observations. The reason for this is explained as follows. For observations
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at the critical plane, a reconstructed source peak comes with a number of
smaller ghosts either side and adjacent to the central peak, typically four to
eight in a cross or a square formation, due to a blurring that is typical of the
coded aperture imaging technique. These artifacts increase the variability of
the sidelobes around the reconstructed source peak and lead to a reduction
in the reconstructed source SNR. Now, in the iterative z-Clean process, the
first candidate for the strong 100kBq source is correctly chosen in the central
(x,y) voxel and at a depth of 72cm for which counts are then subtracted and
stored appropriately for later use. However, the second candidate chosen for
this source is typically not located in a voxel at the same depth and adjacent
to the main peak, but instead is located in the same (x,y) position but at a
different depth, an example being at 70cm depth for the 2cm plane separation
images and appearing as a ghost in Fig. 6. When counts are removed for this
incorrectly-located ghost candidate, it also singularly removes counts that
would otherwise have been allocated to a number of sidelobe candidates
that would have appeared at 72cm depth and adjacent to the main peak,
had the second candidate not already have been assigned these counts, thus
suppressing the sidelobes and reducing the overall variability of the image,
and hence artificially increasing the SNR of the main reconstructed peak.
Note for the particular case of Fig. 6, the effect is compounded by a further
ghost located in the same (z,y) position but at 74cm depth. For 2cm plane
separation the effect here is to reduce the noise by approximately 18% and
increase the SNR from 117 to 131. Note that for weaker sources, this effect
is less marked as here the detector background has the more dominant effect
than the location of incorrect candidates on the overall variability. The SNR
of the 100kBq source reduces slightly as the plane separation becomes finer,
from 131.7 & 0.5 at 2cm plane separation to 112.7 + 1.3 at 0.lcm plane
separation. As a result of the unexpected increase in the SNR for this strong
source, the PSLA, values for this source need to be taken with some level of
caution, and in reality the quantities are probably more accurately reflected
by using the critical plane SNR value of 111.7 in Eq. (5). Using this value
gives PSLA, values of 0.025cm, 0.013cm, 0.006cm and 0.001cm for plane
separations of 2cm, 1em, 0.5cm and 0.1cm respectively.

For the 50kBq source, there is a clear phasing for 2cm plane separation
over the two planes at depths of 74cm and 76cm. Therefore the SNR values
for this source are calculated in quadrature over these two planes for each of
the twenty trials individually and the results are combined to give the mean
and standard error in the mean in Table 1. The results indicate a reduction
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in SNR compared to that of the critical plane observation that increases with
decreasing plane separation, ranging from 29% for 2cm plane separation, up
to 38% for 0.1cm plane separation.

For the 10kBq source, the SNR similarly suffers a reduction compared
to the critical plane, which is more severe compared to that for the 50kBq
source, being around 47% to 49%. However, the reconstructed SNR is much
more consistent for the 10kBq source across different planes, with very little
variation.

As already noted, PSLA, depends on SNR and plane separation, gen-
erally improving with increased SNR and with finer plane separation. For
the 100kBq source PSLA, ranges from 0.021cm for 2cm plane separation
to 0.001cm for 0.1cm plane separation, for the 50kBq source from 0.051cm
at 2cm plane separation to 0.003cm at 0.lcm plane separation, and for the
10kBq from 0.250cm at 2cm plane separation to 0.012cm at 0.lcm plane
separation.

6. Pixellated Detector Results

As noted in Section 4, the use of the chosen pixellated detector means
that the data collected comes as a 175 x 175 matrix of counts. However,
the z-Clean technique requires data to be in list mode, namely having actual
positions of individual detected photons, so that the counts can be binned
and z-Cleaned according to which plane is being studied at any particular
time. Therefore to replicate a list mode output, each detected count within a
detector pixel is randomly allocated an (z,y) coordinate within that pixel on
the detector so that rather than having a matrix of counts, we instead have
a list of (z,y) detector coordinates as though the data were in list mode. We
then proceed with the z-Clean technique as explained in Section 3. In the
following we present results of simulations described in Section 4.

The z-Cleaned images of a typical observation for each of the plane sepa-
rations of 2cm and lem are shown in Fig. 9. As for the continuous detector
images, only planes from depths 70cm to 78cm are shown as there were no
noticeable ghosts in the planes outside this range. The images in Fig. 9
are similar to those for the continuous detector in that the three strongest
sources are all clearly visible and have largely been successfully z-Cleaned,
with only minor ghosting in some nearby planes.

At 2cm plane separation, the 100kBq source is reconstructed at the actual
source depth of 72cm with a ghost at 70cm although, unlike the case for the
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Figure 9: Typical images for simulations using z-Clean for 2cm and lcm plane separations
for the pixellated detector.
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continuous detector, there is no significant ghosting at 74cm. The 50kBq
source at 74.7cm depth is again proportionately shared between two planes
as a phasing error at depths of 74cm and 76cm, with no ghosting in any
other plane, and the 10kBq source at 69.5cm depth is visible at 70cm with
no phasing or ghosting evident in any other plane. The 5kBq source at 71cm
depth is just discernable in the planes at 70cm, 72cm and possibly even at
T4cm, with no apparent z-Cleaning of this source having taken place.

At lcm plane separation the 100kBq source is clearly reconstructed at
its correct depth of 72cm depth with minor ghosting at 7lcm and 73cm,
the 50kBq source situated at 74.7cm depth is reconstructed entirely at the
closest depth of 75cm with no phasing in the 74cm plane and no ghosting,
and the 10kBq source situated at 69.5cm is reconstructed entirely at 70cm
with no phasing of this source having occurred at 69cm. The 5kBq source is
just visible at its correct depth in the plane at 71lcm but also with the same
approximate reconstructed height at 70cm, 72cm, 73cm and even possibly
74cm. Such repeated occurrences indicates that no z-Cleaning of this source
has taken place.

More detailed results for the three strongest sources are presented as
profiles in Fig. 10 and in Tables 3 and 4, with SNR and depth calculations
presented in Table 3.

6.1. Pizellated Detector - Depth Profiles

For the 100kBq source at plane separations of 2cm, 1lem and 0.5cm, all
twenty trials for each give similar profiles to the mean profiles shown in the
top three graphs in Fig. 10(a), with very little variation in each case, and
the main peak being reconstructed at exactly the source depth of 72cm. At
2cm plane separation there is a single significant, but minor, ghost at 70cm,
reflecting the example of the images in Fig. 9, and at 1lem plane separation,
minor ghosting takes place in the voxels either side of the reconstructed main
peak. The ghosting is relatively more marked for lem plane separation than
for 2cm plane separation. For 0.5cm plane separation, the ghosts appear two
voxels either side of the main peak, with high consistency. At 0.1cm plane
separation all twenty trials reconstruct the main peak at the exact source
depth of 72cm but not all trials follow the same profile. The bottom graph
in Fig. 10(a) shows two profiles that represent the images having the most
extreme positions of the ghosts which lie either side of and approximately
lem from the main peak. The 0.1cm plane separation therefore represents
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Figure 10: SNR depth profiles of the three sources using the pixellated detector.
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Table 3: SNR, reconstructed depth (z) and PSLA, results obtained for twenty trials of
the pixellated detector for the three strongest sources. For those values without errors
quoted, the error is less than 0.001.

Critical plane SNR

100kBq at 72cm  50kBq at 74.7cm  10kBq at 69.5cm

2cm plane separation

SNR
z (cm)
PSLA, (cm)
lem plane separation

SNR
z (cm)
PSLA, (cm)
0.5cm plane separation

SNR
z (cm)
PSLA. (cm)
0.1cm plane separation

SNR
z (cm)
PSLA, (cm)

2479+1.2

187.9£0.6
71.879 £ 0.002
0.015

164.2 £ 0.5
71.931 £ 0.001
0.009

167.0 £ 0.5
71.993
0.004

144.5+£0.4
71.900
0.001

158.1£0.8

77.1+£0.3
74.394 £+ 0.003
0.037

85.3+0.3
74.965 £ 0.003
0.017

88.5+0.3
74.990 £ 0.001
0.008

74.7£0.6
74.997 £ 0.002
0.002

426 £0.4

127+ 0.1
69.978 £ 0.016
0.224 £ 0.001

149+ 0.2
69.663 + 0.101
0.095 = 0.001

15.5+0.1
69.547 £ 0.024
0.046

13.2+0.1
69.496 £ 0.064
0.011

the only one studied so far for the 100kBq source using a pixellated detector
where there is any variation in the positions of the ghosts.

For the 50kBq source at 74.7cm depth all twenty trials for plane sep-
arations of 2cm, lem and 0.5cm follow the same profiles as each of their
respective graphs in Fig. 10(b) with little variation, while at 0.lcm plane
separation only one of the trials (dashed line) deviates from the dark line

profile shown in the bottom graph of Fig. 10(b).

At 2cm plane separation

there is clear phasing between 74 and 76cm with the higher peak being closest
to the actual source depth and the values shared in roughly the correct pro-
portions for this source. For the finer plane separations there is no phasing
evident on any of the graphs but in all cases the main peak is reconstructed

in the closest plane to the actual source depth, namely at 75cm.

For the 10kBq source at 69.5cm depth and at 2cm plane separation, all
twenty trials reconstruct the source in the closest plane at 70cm depth with no
evident phasing or ghosting in any other plane. The finer plane separations
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Table 4: Pixellated detector: furthest distances of main reconstructed peaks from the
actual source depth of twenty trials for each observation of the three strongest sources.
All values are in cm. Asterisks denote actual source not lying at a plane to be decoded.

Source
Plane separation 100kBq at 72cm 50kBq at 74.7cm  10kBq at 69.5cm
2 0 0.7* 0.5%
1 0 0.3* 0.5%
0.5 0 0.3* 0.5
0.1 0 0.3 0.5
0.02 0.12

give profiles that exhibit a single main peak with no phasing or ghosting
evident. For lcm plane separation all trials are similar to one of the two
profiles shown, where the peak is reconstructed at either 69cm or 70cm,
namely in one of the two planes closest to the actual source depth. For
0.5cm plane separation nineteen trials reconstruct the peak at the actual
source depth of 69.5cm with the remaining trial being only one plane and
0.5cm away from the actual source depth. For 0.1cm plane separation peaks
are reconstructed at various depths, three examples being given which include
the two extremes at depths of 69cm and 69.8cm and a typical intervening
example. Again the efficacy of the z-Clean technique is demonstrated for the
three strongest sources.

For the 5kBq source all twenty trials for 0.5cm plane separation follow
the same general profile shown in Fig. 8(b), with the profile itself being the
mean for all the trials. The highest part of the graph reaches an SNR value
of approximately 4 at around the actual source depth of 71lcm, but there
is no clear peak which indicates that no z-Cleaning has occurred and that
significant artifacts in the form of repetitions of the reconstructed source are
present in many of the nearby planes. Profiles for the other plane separations
followed similar profiles to that in Fig. 8(b), indicating no z-Cleaning of this
source, so the these are not individually reported here.

6.2. Pixellated Detector - Reconstructed Source Depths

The depth location using the pixellated detector is very good for the
three strongest sources for all plane separations, with all reconstructed depths
being compatible with the actual source depths for all cases. As is the case for
the continuous detector, the calculated depths of the reconstructed sources
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that suffer a phasing error are generally slightly less accurately determined
than those for which no phasing occurs. In particular the 50kBq source
at 74.7cm is reconstructed between 0.265cm and 0.306cm from the actual
depth although this result is still very good. Even in the worst case, namely
the 10kBq source at 2cm plane separation, the reconstructed depth is only
0.478cm from the actual source depth. At plane separations of 1cm and finer
the 10kBq source is able to be reconstructed to within 0.2cm of its actual
depth, and the 100kBq source to within better than 0.1cm of its actual depth.

6.3. Pizellated Detector - SNR and PSLA,

Table 3 shows that the SNR for the 100kBq reconstructed source is re-
duced by the implementation of z-Clean compared to critical plane obser-
vations for all plane separations, being generally more severe as the plane
separation decreases, from 24% for 2cm plane separation to 42% for 0.1cm
plane separation. Whereas the continuous detector experiences an unex-
pected SNR increase caused by the generation of incorrect candidates at
different depths which remove detector counts that would otherwise have
been assigned to potential ghosts adjacent to the main peak at 72cm depth,
the use of a pixellated detector, which bins the counts in precisely defined
pixels with no Gaussian spread, and hence no FWHM of detection, means
that there would be no ghosting in the adjacent planes at 72cm and hence
the detection of incorrect candidates at other depths and at the same lateral
position has no effect on the overall variability, and hence no SNR increase
occurs. Instead the use of z-Clean here comes at the expense of a reduction
in the SNR compared to those of the critical plane observations.

For the 50kBq reconstructed source the SNR reduction is more severe,
being between 44% for 0.5cm plane separation to 51% for 2cm plane separa-
tion. The SNR for 2cm plane separation is higher than that for 0.1cm plane
separation. However the plane separations of 1ecm and 0.5cm suffer less SNR
degradation than 2cm plane separation, due probably to the source being
located very close to the actual planes to be decoded and hence suffering
a less severe phasing error. The SNR for the 10kBq reconstructed source,
while remaining sufficiently high to render the source clearly visible, is quite
severely impacted by the implementation of z-Clean, falling by 70% for 2cm
plane separation and by the smaller amount of 64% for the best case for
this source of 0.5cm plane separation, again probably due to the source ly-
ing at an actual plane to be studied for this particular plane separation. At
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0.1cm plane separation the SNR decrease is more severe with a 69% decrease
compared to the critical plane observations.

PSLA, for all sources improves with finer plane separations from 2cm to
0.1cm, ranging from 0.015c¢m to 0.001cm respectively for the 100kBq source,
from 0.037cm to 0.002cm for the 50kBq source and from 0.224cm to 0.011cm
for the 10kBq source.

6.4. Pixellated Detector - 100kBq source only

As stated in Section 6, when using the pixellated detector all twenty trials
for each plane separation successfully reconstructs the main source peak at
the correct depth of 72cm, even down to 0.1cm plane separation (Fig. 10(a)).
In view of this point, a further set of twenty trials was conducted of an
observation of only a single 100kBq source at 72cm in the absence of the
other three sources to ascertain whether z-Clean can reconstruct the main
peak of this source at the same depth of 72cm but at the even finer depth
resolution of 0.02cm. The reason that only this single source is observed is
due to the infeasibly long run times that the z-Clean process requires for such
fine resolution processing of fields containing multiple sources. Therefore we
observe just this single source with the same background level of one count
cm~2 s7!. Fig. 11 shows portions of the profiles of three of the twenty trials,
from depths of 71.4cm to 72.4cm. The main peaks of the example three trials
are separated and small ghosts are visible for some of the trials at around
71.5cm and 71.6cm depth although for these and all the remaining twenty
trials, similar sized ghosts to those in the figure were visible from around
70.5cm up to around 73.5cm beyond the range of the graph in the figure.
For the twenty trials at this plane separation, the source depth is calculated
at 72.088 4 0.004cm, which is comparable to the results for the other plane
separations as given in Table 3. Table 4 shows that the furthest plane that
a reconstructed source appears for the twenty trials is only 0.12cm from the
actual source depth.

7. Point Spread Function

The point spread function (PSF) of a coded aperture system can often be
calculated theoretically. However, theoretical calculation of the PSF in the
depth direction for images processed using the z-Clean technique, which we
denote as PSF,, is extremely difficult. Therefore we attempt to determine a
best estimate for PSF, by simulating an observation of an extremely strong
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Figure 11: Portions of SNR depth profiles for a single 100kBq source using a pixellated
detector.
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single source in the absence of any background counts and performing z-
Clean on the data. This has been done for both the continuous detector and
pixellated detector, observing a 5MBq source in the centre of the FOV at
72cm depth (i.e. in the same position as the 100kBq source in the previous
sections) and using the same system parameters as in Section 4 but with no
background counts. This is done for each of the plane separations studied in
Section 4. In each case, only one trial is conducted because the extremely long
run times for the programs using such huge count numbers in conjunction
with z-Clean renders multiple trials infeasible.

The depth profiles for the two detector types are shown in Fig. 12. For
both detector types at all plane separations the main peak is reconstructed
at the correct source depth of 72cm. In all cases ghosts are present either
side of the main peak. The ghosting is roughly symmetrical when using
the continuous detector for plane separations of 2cm and lcm, and for the
pixellated detector for 2cm plane separation. However for the remaining cases
the ghosting is not symmetrically distributed and in some cases consists of
three or more statistically significant ghosts. Furthermore it must be noted
that the profiles are for a single source lying in a specific voxel and in the
absence of the influence of other sources in the FOV. It is therefore to be
expected that for other source positions in the FOV, PSF, would take on a
very large range of profiles with hugely varying numbers of and positions of
ghosts.

8. Conclusions

This article presents an image processing technique, which we call z-
Clean, that removes the repeated artifacts associated with image reconstruc-
tion in the 3D FOV when using a coded aperture imaging system. The tech-
nique includes determining the lateral positions and depths of point sources
and removing artifacts caused on some planes by sources from another plane.

For a continuous detector with a lem FWHM detection capability at
plane separations of 2cm, lcm, 0.5cm and 0.1cm, the z-Clean technique is
able to resolve three (100kBq, 50kBq and 10kBq) of four (also 5kBq) point
sources very well, while at the same time significantly reducing to the level
of minor ghosting the large artifacts caused by sources in other planes. The
efficacy of z-Clean is thus demonstrated for the three stronger sources al-
though there is some ghosting of the 100kBq and 50kBq sources, consisting
of smaller peaks appearing in planes other than the one containing the source.
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Figure 12: Estimated PSF, profiles for a single 5MBq source with no background.
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The distributions of the ghosts show some small variability for the 100kBq
and 50kBq sources at 2cm plane separation and larger variability for finer
plane separations. The variability in the positions of the ghosts indicates
their presence as being non-systematic and containing a random component.
Ghosts typically appear up to around 2cm from the actual source depth.
Reconstructed images of the 10kBq source show a clear source peak for all
plane separations but with no ghosting evident, due to there being no can-
didates for this source in the z-Clean process other than the first one for
which a main peak is reconstructed. For the 5kBq source, z-Cleaning would
appear to occur only very rarely and even then to offer less accurate depth
location than for the stronger sources. The depth location and PSLA, for all
plane separations are very good for the three strongest sources and individual
trials are able to reconstruct a source peak to 0.2cm or better from the ac-
tual source depth for the 100kBq source, with a worst performance of 0.7cm
from the actual source depth for the 50kBq source, which is still very good.
Sources that suffer a phasing error are generally less accurately located. The
excellent depth location and PSLA, come at the expense of an impact on
the SNR, which for the strongest source increases unexpectedly due to the
incorrect detection of candidates lying at the same lateral position as the
actual source but at different depths, which suppresses ghosts that would
otherwise appear adjacent to the actual source in the correct plane. For the
weaker sources, SNR is reduced, in some cases quite severely, so the excellent
depth resolution made possible by z-Clean is traded off with an impact on
SNR.

For a pixellated detector with 0.2cm pixels, the efficacy of z-Clean is also
demonstrated, with the large repeated artifacts being removed and leaving
the three strongest sources clearly visible with only minor ghosting in some
other planes. The reconstruction of the source peaks and the ghosting is
quite consistent for the 100kBq and 50kBq sources at 2cm, lem and 0.5cm
plane separations, although there is some small variability in the ghosting
at 0.1cm plane separation. The reconstructed 10kBq source experienced no
ghosting but the reconstructed peaks appear at different depths for different
trials, although no further than 0.5cm from the actual source depth. As
was the case for the continuous detector, the depth location for the three
strongest sources is very good, being better than 0.5cm in all cases and
better than 0.1cm for the 100kBq source at plane separations of 1cm, 0.5cm
and 0.1cm. PSLA, improves with SNR and finer plane separation, being as
good as 0.001cm for the 100kBq source at 0.1cm plane separation. Again the
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very good depth location and PSLA, come at the expense of a significant
reduction in SNR, whose severity is higher for weaker sources.

As a technique and for certain situations, z-Clean is an efficacious method
of removing the artifacts that typically appear in the planes of a 3D coded
aperture imaging system when observing a source in a given plane and sug-
gests that the results in earlier work by other authors, including Kazachkov
et al. [8] and by Mu and Liu [13] might be improved upon. However this
paper represents just a starting point in the idea of removing artifacts in
3D coded aperture imaging, and further work in this area is possible which
is beyond the scope of this article. Perhaps most importantly, such work
could include observing different types of source distribution, in particular
extended sources. This could be useful in medical imaging, for instance,
where details of body organ structure are often required and hence good
quality images of such extended objects are needed. Related to this could
also be the study of the effect of different aperture throughput values, as well
as what benefit, if any, different aperture throughput has when used to pro-
cess images of extended sources using z-Clean [20]. Other future work could
include investigating the use of z-Clean in the 3D image domain, rather than
the 2D detector domain and a more detailed study into the use of detectors
with different pixel size to bin size ratios, which would extend the work to
include a wider range of detector parameters. Of particular interest to this
entire field is the possibility of conducting experimental laboratory tests to
observe real high energy sources using a physical position sensitive photon
detector and applying z-Clean to the data.
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