Small animal imaging with multi-pinhole SPECT
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tel: +32 16 34 37 15 a rotating gamma-camera, although part of what is presented
fax: +32 16 34 37 59 here also holds for stationary systems.

For accurate reconstruction, the projector and backprojector

Abstract—With Single Photon Emission Computed Tomography must be based on an accurate model for the system geometry.
(SPECT), images of minute concentrations of tracer molecules This can be determined in several ways. The most straight-

can be acquired, allowing in vivo molecular imaging. For human forward one is to scan a small point source through the
imaging, the SPECT system has a modest spatial resolution of field-of-view, and directly measure the corresponding point
5to 15 mm, a large field of view and a high sensitivity. Using spread function for each of the pinhole apertures [10]-[12].
multi-pinhole SPECT, one can trade in field of view for resolution  This approach is slow and requires sophisticated positioning

with preserved sensitivity, which enables the implementation of . . .
a small animal SPECT system with an improved resolution, tools, but is highly accurate and directly measures the entire

currently ranging from 0.3 to 2 mm, in a much smaller field SyStem matrix. It is probably best suited for stationary systems:
of view. The unconventional collimation and the more stringent because they are expected to have a more stable system matrix.

resolution requirements pose problems that are not present in In contrast, rotating systems, in particular those based on a

clinical SPECT imaging. This paper discusses how these problems cjinjca| gamma camera, have many degrees of freedom and

ggr;n%easccgﬁedr;? Implement microSPECT imaging on a rotating hence can use different system matrices for different scans.
For those systems, an easier method to determine the system

keywords: SPECT, microSPECT, pinhole, tomography, cahatrix is useful. In the next section, different approaches for

ibration, system matrix, maximum-likelihood, maximum-amodelling the system matrix are discussed. Finally, an ap-

posteriori estimation proach to compare the effects of a particular choice of system
design parameters on the resolution and noise characteristics

. INTRODUCTION of the reconstructed images is discussed.
In the last decade, small animal SPECT imaging has made
considerable progress, driven by the demands from medical Il. SYSTEM MATRIX MODEL

and biological research. Several approaches have been &hgle or multi pinhole SPECT projections using a rotating
lowed to implement small animal SPECT imaging. Somgamma camera provide incomplete tomographic information
groups converted a clinical gamma camera into a microSPEER]. However, in practice, good reconstructions can be ob-
system using new collimators and software, others builttgined with maximum likelihood (ML) or maximum a posteri-
whole new system dedicated to high resolution imaging of i (MAP) reconstruction. The algorithms use a discrete model
small object [1]. Most systems rely on pinhole collimationy represent the unknown tracer distribution and the acquired

although other collimators are being considered, includingojections; the relation between the two can be written as
rotating slit-slat collimators [2], translating slit collimators

acquiring linograms [3] and rotating slat collimators [4], [5]. Y =AX ory, = Zaij%‘v 1)
All these collimators scan along converging projection lines J

resulting in zoomed projections along one or two dimensionshereY is al x 1 matrix containing the measured counts
which creates better usage of the available detectors. in the detector elemenis=1... 1, X is J x 1 matrix with the

. . reconstruction values;, andA is thel x J system matrix. Its
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i. For reconstruction, the elemenis; of the system matrix make this approach practical for multiple pinhole SPECT.
must be known with good accuracy; system modelling erroiote that Monte-Carlo simulation can already now be used
will cause reconstruction artifacts. to simulate parts of the system matrix, such as the penetration
As discussed above, a first class of methods consists in direetfythe gamma rays through the edges of the pinhole aperture.
measuring each element of the system matrix [10]-[12]; thidie thus estimated quantities are then used to refine an
direct methodhowever requires long acquisitions to collect approximate analytic model of the system matrix [20]. (A
sufficient number of counts in each detectoand for each similar approach may be based on analytic models of the
position ;j of the source. This limitation can be alleviated byinhole aperture [21]-[23]).

measuring the system response for a limited number of po§wo remarks are in order concerning the two classes of
tions; of the source that sample the field-of-view; the responseethods discussed so far, direct measurement and Monte-
for other locations being estimated by interpolation [12[Carlo estimation. First, these methods yield a system matrix
Fitting a parametric model of the response to the point sourte&t does not model the attenuation and scattering of the
measurement can also improve the stability of the estimatgdmma rays within the imaged body. This limitation is much
system matrix. For non-stationary micro-SPECT systems Hs$s serious for small animal imaging than for clinical imaging,
additional difficulty with direct methods is the assumption ofspecially for mice. Attenuation correction, when nevertheless
a perfect reproducibility of the scanner mechanical motiodeemed necessary, needs to be incorporated separately by pre-
required to ensure that the calibrated system matrix coincidasiltiplying the image by an attenuation matrix calculated e.g.
with the actual matrix at the time of the measurement on tfi®m a micro-CT scan of the animal. Note that for multiple
small animal. A potential solution to this problem would be tpinhole collimation, a separate attenuation matrix must be
measure the system matti¥ for a single reference positich used for each camera positiamd for each pinhole aperture.

of the camera; during reconstruction the image matrix is pr8catter correction can be estimated either from a separate,
multiplied at each positiok = 1,..., K of the scanner by object dependent, Monte-Carlo simulation, or using dual or
a rigid body transformation matri’* determined using the triple energy windows based methods. A second issue with
geometric calibration described in section II-A. This amountérect measurement and Monte-Carlo estimation is that these

to writing methods are far too time consuming to be applied online. They
A0C0 therefore require storing the measured or calculated system
A0 matrix on disk, which is difficult in view of the huge size of the
A= o (2 matrix: typically A might be al0° x 10 matrix. Since object
AOCK scatter is not included, this matrix is sparse, which reduces the

number of non-zero elements to be stored to a more practical
where K is the number of positions of the camera. Carevel. Additional storage gains may be obtained by considering
must be taken to use a robust interpolation when discretiziagsingle scanner positioA® as described above, by exploiting
the geometric transformation to defi@” [14]. A similar symmetries of the scanner, or other compression techniques
decomposition ofA has been applied to a micro-PET scann&imilar to those proposed by Rehfeld et al [24] for the PET
based on rotating panel detectors [15], though in that caseplication.
the reference system matrit® was determined by meansThe system matrix measurement time and storage require-
of a multi-ray method (see below). To our knowledge, thiments can be further reduced by factorisation. A possible

technique has not been applied in micro-SPECT. factorisation can be written as

A second class of methods estimates the system matrix ele- M

ments usingMonte-Carlo simulatiorf16]-[18]. Starting from A ~ Z AP AY 3)
an accurate description of all components of the detector, a m=1

simulated point source is placed in voxglof the image AT[ii] = S{ﬂ({) (4)

matrix, the isotropic emission of a large numér of gamma
rays is then simulated and the transport of each gamma ray
towards the collimator, through the collimator, and finallwhere AT are I x I diagonal matrices andl}® are [ x J
through the gamma camera is simulated using for instancetrices; € IR> represents the 2D detector coordinates of el-
the Gate software simulation platform. The fraction of thementi andGp is the set of parameters describing the pinhole
simulated emission that is detected in detectdinen yields geometry and is the acquisition angle. The summation is over
an estimatea;; ~ N;;/N;, where N;; is the number of all M apertures of the multi-pinhole systerfiy*(i) models
simulated detections in detectar If the Monte-Carlo sim- the variation of the sensitivity with the angle of the projection
ulation perfectly models the system, this method providesline. For a particular aperture:, it depends on the detector
bias-free estimate of;;, but affected by a relative standardposition only, and can be measured using a uniform plane
deviation equal tol/\/JVj. Reducing this standard deviationsource.S5* models the blurring due to the aperture and the
to an acceptable level while keeping the computation timedecrease of sensitivity with increasing distance to the aperture.
even if it is off-line - acceptable is the major challenge of th€he computation ofS3* requires accurate determination of
Monte-Carlo method. The use of variance reduction methotiie position of the apertures with respect to the detector and
[19] and the ongoing development of a fast version of the the object space. A method to determine these parameters
Gate software (http://www.fgate.fr/) might in the near futurés described in the next subsection. The second subsection



briefly discusses the collimator sensitivity measurement, the : #
last subsection presents some resolution modelling approaches.

v ®
A. Geometrical calibration " "
Mathematically, the calibration problem of a pinhole system "
is identical to that of a cone beam CT [25], [26] or SPECT " !
w

system [27], [28]. Many authors have studied this problem and
a series of different calibration procedures have been proposed. »
Many of those involve the acquisition of a calibration phantom
consisting of point sources [29]-[33]. In these calibration
methods, it is assumed that the projection of a point source ¥
through an aperture can be described with two coordinates,
while in a real image, such a projection shows up as a SmIgll 1. A projection image of a 3-point calibration phantom, acquired by a
blob (fig 1). Typically, the mass center of the blob is computeﬁ%‘inﬁole collimator ’
as an estimate of the intersection of the detector plane and the
line defined by the center of the point source and the center
of the aperture. 0%
If the gamma camera orbit is perfectly circular with exactly w*&;’
known acquisition angles, the geometry is fully characterised | . ¥
by quantifying the position and orientation of the detector and
apertures at the starting angle of the orbit. This involves 6
degrees of freedom (3 translations, 3 rotations) for the detector, gesaq
plus 3/ degrees of freedom for the positions of thié
apertures. Because the position of the detector along the axis
of rotation (z-axis) and the absolute value of the starting angle | %"
are arbitrary, 4 + 3/ degrees of freedom remain. In [31], [34]
it was shown that for a single pinhole system, the 7 degrees o
of freedom can be accurately determined from the SPECT
scan of a simple calibration phantom consisting of 3 point {Q&’*
sources, provided that at least two of the distances between “
the point sources are known (as is the detector pixel sizejy. 2. The calibration result of a 7 pinhole collimator with a 3-point
Wang and Tsui [35] proved that for (almost all) multi-pinholéa”_brat_ion phantom. In black the mass centers of the measured point source
rojections of all projection angles, and in colour the computed mass centers
systems, thel + 3M degrees of freedom can be compute
from a SPECT scan of only two point sources, even if the
distances between the sources are unknown.
Experience has shown that the orbit of many clinical gamm#é, m,p, Gp,Gc) be the 2D detector coordinates of the
cameras suffers from small deviations from the ideal circul@grojection of point source through aperturen for acquisition
object. The deviations are sufficiently small to be harmlessmgled, given the geometrical parameters of the deteCipr
for human imaging, but were found to adversely affect imagend the position of the calibration phantd#g:. Although one
quality when the system was used for high resolution imagimipes not care to know# ¢, it has to be determined together
with (multi-)pinhole SPECT. Defrise et al [36] modelledwith Gp to solve the calibration problem. In our approach,
these deviations as an independent small rigid motion of th®- represents 3 translations and 3 rotations, because the
collimator-detector assembly at every projection angle. It wasalibration phantom is treated as a rigid object with known
found that a useful estimate of these small motions coutiiimensions. From the SPECT scan of the calibration phantom,
be derived from the same SPECT scan of the calibratiame obtains a set of 2D projection images, one for each angle
phantom. In [36], first a calibration was carried out assumirfy With simple thresholding and mass center computation, this
a circular orbit. Then, the refined calibration was treated gields a set of 2D coordinateg (6), with k¥ = 1..K, and
a perturbation of this ideal acquisition, which was estimated, < M P, where M is the number of apertures arfd the
with singular value decomposition. number of pinholes. For a particular angleless thani P
In many geometrical calibration methods, it is assumed thabint source projections may have been found for two reasons:
for each of the point source projections, the correspondif) image truncation due to the finite detector size, and (2)
point source and pinhole aperture have been identified. Foidantification problems when two point sources projections are
3 points calibration phantom and a single pinhole aperture, tisis close that the thresholding and/or mass computation failed.
identification is relatively easy, but for multi-pinhole SPECTLt is assumed that such unreliable projections are discarded. To
it may require tedious manual work or a rather sophisticate@termine the values of the parametéis, also the values of
algorithm. We found, however, that the identification cam, p, and G¢ will have to be determined for each measured
be combined within the calibration method as follows. Latrojection. This can be done using an iterative least squares

er refined calibration.



whereG g represents the rigid motion of the detector, amng
and py, represent the assignment of the measurerhédntthe
aperturem and point source, which was determined in the
previous step. The last term favours small deviations from the
ideal orbit, the weights; are tuned empirically. Fig 2 shows a
result for a 7-pinhole collimator. Fig 3 shows the small camera
motions estimated by the refined calibration. Fig 4 compares
the reconstruction with the standard calibration assuming a
circular orbit and the reconstruction obtained with subsequent
calibration refinement.

In principle, this calibration procedure could also be applied
to a stationary multi-pinhole SPECT system, by rotating the
calibration phantom inside the field-of-view with small angular
increments, acquiring separate projections for each rotation

projection angle angle.
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B. Collimator Sensitivity

Fig. 3. The rigid camera motions as estimated by the refined calibrati . .
procedure. The red curve is a translation towards the rotation axis, green ﬁ&he geometry of the pmh0|e collimator and the detector

yellow are the other translations; the other curves represent the rotationsiS known exactly, the sensitivity5{* for each aperturen
(see eq (4)) can be estimated analytically or numerically.
Schramm et al. [8] used a ray tracing technique to calculate
the sensitivity, taking into account the penetration of photons
through the collimator, due to the finite attenuation of the
collimator material (usually tungsten, although gold [37], [38]
and even depleted uranium [39] have been used).

Metzler et al [40] derived an analytical model for knife edge
pinholes with axis perpendicular to the detector. In the ideal
case of a collimator with infinite attenuation coefficient, the
sensitivity to a point source equals [40]:

Fig. 4. Reconstruction of a small Jaszczak phantom obtained after calibration d2 cos3 6
assuming an ideal orbit (left) and after refined calibration (right). A 7-pinhole 5(97 h) =—, (9)
16h

collimator with apertures of 1.5 mm was used, the diameters of the radioactive

rods range from 1.5 to 3 mm in steps of 0.3 mm. wheref is the angle between the projection line and the normal
to the detectord is the diameter of the aperture amdis

the (perpendicular) distance between the point source and the

algorithm, starting with “reasonable” initial values 61, and : o )
. . S aperture plane. The corresponding sensitivity of detector pixel
G¢. The algorithm determine&’p and G¢ by minimising S
1 to.the activity in a plane source equals

the distances between each measured point and the closest

. . 2 a3 0.
predicted point: S1() = pd fg;z 0; AuAu, (10)
{Gp,Ge¢} = argmin C1(Gp,Gc) (6) ) ] . -
Gp,Go whered; is the angle defined by and the aperture position,
CL(Cp, G _ min(|@(0) — @0, m, p, Gp, Go)[? p is the activity per unit area in the plane sourgejs the
1(Gp, Go) gzk: m’P(| k() ( PG, Go)l") distance between the aperture and the detector,Xsncnd

Av are the dimensions of the detector eleménThe main

This procedure identifies each point projection by assigningkerence with (9) is theh-dependence of the latter, which
it to the aperturem and point source that minimises the i taken into account by in (5). In [40], expression (9)

distance between the measured and calculated projection COtsytanded with a term representing the contribution due to
dinates. Similar to the approach of [36], this initial Ca"braﬁo?)enetration of the collimator.

is refined by finding the angle dependent rigid detector mOtiol&?’ternatively

e : the sensitivity can be measured for each aper-
that further minimise the residuals:

ture, using a small plane source that can only be seen by

Gr = argmin Co(Gp, Ge, 0, GR) 7) 2 single aperture. Following [8], our collimators consist of
Gr a truncated pyramid in lead, to which a tungsten plate with
Co(Gp,Ge,0,GR) pinhole apertures can be attached. To create a thin plane
R - 5 SN2 source, a small vial with flat bottom is filled with a small
N ;'uk(a) (0, mi; pr, G + Gr, Go)l amount of tracer solution, and put in front of the aperture
6 on the tungsten plate. The advantage of a measurement is
+ ZB”GRU”Q (8) that it includes also effects due to energy window settings,
= crystal penetration, detector non-uniformities, imperfections of



the manufacturing etc.. A disadvantage is that the resultidgfirst solution originally proposed for cone-beam collima-
sensitivity images are corrupted by Poisson noise. The notses [42] is based on the observation that the shape of the
can be reduced by fitting an analytical or numerical model, ortersection between an image plane parallel to the detector,
by applying a low pass or median filter. An example is showend the cone defined by a detector pixel and a pinhole
in figure 5. aperture is independent of the distanketo the detector,
while only the size of this shape increases linearly with the
distanceh, according to the magnification = (h + f)/f
(see figure 6), wherg is the focal length of the pinhole.
Therefore, if the image matrix is aligned with the detector,
resolution modelling can be implemented by convolving each
image plang corresponding to a fixed, with a function
o(z/n,y/ 1) that models the shape of the cone, scaled by the
e | magnificationu. This convolution is applied prior to applying

a simple geometric system matri&s<°™, and normally it is
applied after rotating the image matrix to align it with the
collimator (see matrixC* in equation 2). A final convolution
can be applied after projection (and before backprojection) to
model the intrinsic detector resolution.

Fig. 5. Backview of a 7-pinhole collimator, and the sensitivity images for
the central and two top left apertures.

C. Resolution modelling

The matrix A" in (5) models the effects dependent gn
including the resolution and photon attenuation. In small
animals, the effect of attenuation is usually limited, so the
impact of A5* depends mostly on the resolution model.

Early works in micro-SPECT relied on approximatidg® by
a simple model49¢°™ which assumes infinitely small ideal
pinhole apertures and a perfect spatial resolution of the gamma
cameral. This idealised model, which is also implicit when
using filtered-backprojection algorithms for image reconstruc-
tion, is implemented efficiently using ray tracing methods
such as Siddon’s algorithm. The degradation of image qualE . 6. The blurring effect of the aperture increases linearly as a function
caused by using such simple geometric approximations @fthe distance to the aperture.

the system matrix has often been illustrated in PET and in

SPECT [41], but the impact is especially dramatic in multiA second solution, proposed originally for other types of
pinhole micro-SPECT because of the strong non-stationarf|limators [43], [44], is themulti-ray approacheach pinhole
of the system response both w.r.t. to the detector locatiomyperture is modelled as a set &f ideal, infinitely small
but also along the line of response, i.e. with respect to th@ertureg = 1,..., L located to appropriately sample the area

voxel location;j. The latter propertythe distance dependantof the aperture. The matrix, of (5) is then approximated as
collimator resolution refers to the fact that the cone defined by

a detector pixel and by one pinhole aperture cannot be reliably ME geommil
approximated by a cylinder because the distance between the Az =D Z Zwm’lA o
animal and the collimator is kept as small as possible to
optimise the sensitivity and resolution of the micro-SPECWhere A9¢°™™! js the system matrix for an ideal pinhole
system. This divergence of the cone prevents approximatiagsub-aperturé of the aperturen = 1,..., M; this matrix

the system matrix as a produgt ~ DA™ where D can be computed efficiently using ray-tracing methods such
models the detector/collimator resolution, an approach thatas Siddon’s algorithm. The weights,,; and the location
appropriate in PET. of the ideal sub-apertures are selected in such a way that
We now describe alternative approximate models of the matthe sum in equation (11) yields a good approximation of
A,, which are sufficiently simplified to allow online compu-the exact value represented by an integral over the aperture
tation, with each element; [, j] being calculated every time surface. In [45], [46], for instance, the weights and locations
it is needed during reconstruction.

11)

m=1 [=1

2Unless all apertures are identical, a different convolution kegnehust
1Ag9eom depends onn, but m is dropped to simplify the notation be used for each pinhole aperture.



are chosen according to a 2D Gaussian quadrature mettexdito different strategies. One example is the issue of overlap
with L =7 or L = 21 points. The matrixD in equation (11) between projections through different apertures, also called
models the intrinsic detector resolution of the gamma cametmultiplexing”. Some designs avoid all overlap [47], others
it is typically a convolution with a Gaussian blurring kernelhave extreme multiplexing (e.g. coded aperture [48]), while
Compared to the slice by slice blurring method, the multi-rapost designs allow some overlap between the projections (e.g.
approach is inefficient numerically, but is easier to generflisf8]). Allowing more overlap increases the total amount of
and does not require aligning the matrix with the detector. mteasured counts per unit activity in the field-of-view, but at the
can also be improved to model the gamma ray penetrationsaime time increases the ambiguity of the measured projections,
the scintillation crystal by adding sampling points coveringzhich makes the effect on the quality of the reconstructed
the thickness of the scintillator, though this aspect is mommages hard to predict.
important for PET than for micro-SPECT. Assuming that a maximum-likelihood or maximum-a-
To illustrate the impact of accurately modelling the pinholposteriori reconstruction makes (nearly) optimal use of the
apertures, we show in figure 7 the ML-EM reconstructiodata, the resolution and noise characteristics of ML or MAP
based on an ideal pinhole model, and a multi-ray reconstrumages could be used to assess the performance of a par-
tion which uses a 7- rays model. Despite the approximdieular tomographic system for the imaging of a particular
character of the model, there is a significant improvemeabject. Barrett et al. proposed a method to calculate the noise
of image quality. Similar results could be obtained witlpropagation as a function of the iteration number for ML-EM
the other methods described in this section, with potentialtgconstructions [49], [50]. However, the computation burden
further improvements if more accurate models based on dirgatreases with the iteration number. Assuming that MAP is
measurements or Monte-Carlo simulations are used. run to convergence, it is possible to compute estimates for
the resolution and the covariance from the derivatives of

no RR RR the objective function [51]-[54]. When MAP-reconstruction
(or penalised-likelihood reconstruction) is tuned to produce
‘...,_'._;-:r . G o images with shift-invariant resolution, the noise characteristics
$ie Te%, o IS become very similar to those of a smoothed ML-reconstruction
:_;’1‘, ‘*:; :.'-.", "l_'. [55], [56]. Consequently, the same approach can be used to
,f_: 3 :: M ::: et predict the noise characteristics of post-smoothed ML or MAP
1 mm - at matched resolution, enabling a relatively straightforward
comparison of different tomographic systems for imaging the
same object [57], [58]. The systems to be compared are forced
“ . ity * to yield images with the same resolution, the system of choice
_::“\,‘ %, .’: Ne®, is the one that yields the most favourable noise properties.
o ;'. .‘:n L ,':o This approach is presented in more detail below. The method
:::::-' :::::. ® provides estimates of the resolution and covariance of recon-
1.5 mm structed voxel values with good accuracy. However, it provides
little information about other relevant image characteristics,
such as the possible creation of artifacts due to insufficient
R IS . sampling. This issue is discussed in the second part of this
ate® [ e section.
L2 wed - b
ans Fanr A. Covariance prediction
3 Tm 1) Theory: To introduce the approach, it is useful to consider

the relation between filtered backprojection and unweighted
Fig. 7. Reconstruction of a Jaszczak phantom without (left) and with (righ§@st squares reconstruction, for the case of ideal parallel beam
resolution modelling. The diameters of the radioactive rods range from témography (where the projections are simple unweighted line

to 3 mm in steps of 0.3 mm. Imaging was done with pinhole SPECT usi ; ‘e A ;
an aperture of 1 mm (top), 1.5 mm (center) and 3 mm (bottom). There wgﬁetegrals)' The reconstruction problem IS given by equation (1)’

64 projections, OSEM reconstructions were done with 5 iterations and f@peated here:
subsets, the image voxel size was 0.5 mm. Y = AX, (12)

whereY is the measurement] is the system matrix, an&’
is the activity distribution. Reconstruction involves findiag

l1l. M ULTI-PINHOLE COLLIMATOR DESIGN givenY and A. Least squares reconstruction computésis
Because of the large amount of parameters (number feflows
apertures, acceptance angles, aperture diameters, positions, Xps = argmin(Y — AX)(Y — AX), (13)
distance to the detector etc.), the design of a pinhole collimator X

is a complex task, which is usually solved empirically. This haghere the prime denotes matrix transpose. The solution equals

3e.g. to the case of a non planar detector. Xpg=[A'A71AYY, (14)



provided that the inverse existd! A corresponds to the shift it is acceptable to ignore the shift invariance. The computations
invariant blurring obtained by computing the backprojectioare done for voxe} only, and then applied to all voxels as if
of the projection of an image. For ideal 2D parallel bearhe matrices were shift invariant. This can be written as
tomography, this blurring is shift-invariant, it is given by the o

2D convolution kernek(7) = 1/|7. In the frequency domain 4 Fo=4 _CY_ A (20)

this corresponds td/|f|, where f is the frequency. Conse- Byrs =~ GIFI§. (21)

quently, the inverse in the frequency domain\ﬁ, which he blurri , is al led the Fisher i i
is the well-known ramp filter. (Because of the Fourier slick € biurning r_natr!xF Is also called the Fis er qurmauon
trix for estimatingXy s from Y. The matrix £V is the

theorem, the order of the filter and backprojection operatd?%"’l e X )
can be switched, yielding the filtered backprojection formulal. cal' appr.OX|mat|on' off”, obtaln'ed by replacing all rows of
The matrix [A’A] is very large, and capable of representin jW'th shifted versions of the j-th row of’. Consequently,

a different convolution kemel for every voxel of the image, IS a Ish'ft ;n\_/arlﬁnt blurring operator, Coc';?'d'n% W'tﬁd
However, if the blurring is shift invariant, all convolution'©" VOX€l j. G’ is the approximate inverse df”, and use

kernels are the same (or in other wordd/ A] is circulant), &S @n approximation df. Finally, the image should be post-

enabling application of the much more efficient computatio qothed W'_th filterp tp SUpPress thg noIse and impose thg
via the Fourier transform. des_lred spatial resolution. The resulting impulse response is
The reconstruction can be improved by taking into accouﬁ?t'mated as 4 L

the noise characteristics of the measurement, e.g. by using lpwrs = PG'F67. (22)

a weighted least squares algorithm. In emission tomograp@/

th d t les f Poi distribut ne usually normalises by setting[j] = 1. The correspond-
S S O & s u.'i?f@;’ covariance matrix can be estimated by propagating the

Noise covariance through the reconstruction operator. The co-

The covariance matrix of the d_aﬁy IsarlxI d'agonal variance imagei’f;,WLS for voxel j is obtained by multiplying
matrix because Poisson noise is uncorrelated. The We|gh{ﬁ covariance matrix with?. Because we model the recon-

least squares algorithm comput&sas struction operator as a shift invariant filter, the computations
Xwrs = argmin(Y — AX)Cy (Y — AX) (15) are tractable:
X

= [AcytATtAeyty, (16) Chwrs = PGACy! covar(Y)CyAG P 6

_ ! —1 —1 ! D! SJ
where the second equality only holds if the inverse exists. PGACy CyCy AGP 0

Again, this can be considered as a backproject-then-filter = PGFG_/P_/, & '

operation, using the weighted l:)ackprojectimcl;l and the - = PGF’GP P &

modified “ramp” filter [A’C;-* A]~1. Unfortunately, even for[Should be P [—=> ., -/ ; 23
Y lpwiLs: (23)

a shift invariant tomograph, the matrjx’C5* A] is not shift _

invariant, so computing its inverse is intractable for typicdlote that/ and G are symmetric matrices, but’ may be

SPECT or PET cameras. non-symmetric. The last step of (23) is allowed because shift

However, good approximations can be obtained if one oniivariant operators commutés,;,; ¢ is an image with the

wishes to compute the impulse response and its covarianceé@me size as the reconstruction image. Its value at voxel

a single voxelj. Consider the true tracer distributiods and the covariance of the reconstructed valuetiwith that in j;

X + 67, which only differ by the addition of a small amounthence the value at voxglis the variance of the reconstruction

of activity to voxel j. The expectations for the correspondingmage in voxel;.

measurements arg€ andY + Aé’. The expected difference In [57], equations (22) and (23) are obtained by linearisation

of the corresponding WLS reconstructions equals near the ML or MAP solution, confirming that the same
j B F 1 411 gl =1 45 equations can be used to estimate the local (linearised) impulse
ves = [A Cy A7 ACy Ad an response and covariance of images reconstructed with ML or

= &, (18) MAP algorithms.

which indicates that WLS is an unbiased estimator if thIQ copcluspn, W'thf (22) gndl (23), tlhe |m;t))ulse resp;ogse.tarl]nd
matrix inverse exists. However, in rotating pinhole SPECT, gfgvanance image for a single Voxel can be computed with a

projections are incomplete, and as a result, the inverse d égjection, a backprojection and a few fast Fourier transforms.

not exist. Consequently, an approximate inve€sds used, Ssuming that it sufﬁces to analyse a f?W tens of voxel_s to
yielding obtain a representative estimate of the image characteristics,

the analysis is faster than a single iterative reconstruction,
and orders of magnitude faster than a straightforward analysis
Becaused’C; ' A is a (shift variant) blurring matrixG is a based on multiple noise realisations.

(shift variant) deblurring operator, usually somewhat simil&) Practice: Application of (22) and (23) to multi-pinhole

to the ramp filter. However, because we are only interest&®PECT can be carried out as described below. It is assumed
in voxel j, because the rest of the image is set to zero atttht a noise-free sinograf is given, that a projector and a
because it is reasonable to assume that the blurring matsackprojector implementingl and A’ are available, and that
A’C;lA varies slowly with position, Qi et al [53] argued thatsoftware to compute fast Fourier transforms is at hand.

Hyrg = GA'CyT A, (19)


nuyts
Callout
Should be P2


1) Create an image (reconstruction space) which is zd&9]. The window reduces contributions at large distances from

everywhere, then set voxglto 1. This isé’. the voxel being studied, which may be beneficial because the
2) Compute the (sparse) sinogra#id’ by forward multi- true operators have been replaced with a local approximation
pinhole projection of’. near voxelj.
3) Assuming Poisson statistics, the covariance matx 3) Applications: This approach was used in [57] to find the
is a diagonal matrix with element€y[i,i] = Y[i]. best aperture diameter for a particular target resolution. It

Consequently;* A7 is computed by dividinglé’ by ~was found that the diameter should be smaller than the target
Y (element-wise division for each data hir=1...7I). resolution, such that a noise suppressing low pass filter could

4) Compute the imagd/CglAéj by backprojection of the be used to obtain the final reconstruction. A similar finding
sinogramC;lAéj. was reported in [60]. In [58], the count rate of a multi-

5) The image created in the previous step can be regargiahole system was increased by adding pinhole apertures
as the local point spread function of the modified baclallowing overlap. The SPECT system was used to image a
projection near voxej. The corresponding filter in the uniform phantom. It was found that image variance initially
frequency domain can be derived by decreases, but then saturates for a modest amount of apertures:

a) computing an intermediate image’ by shifting @dding more pinholes increases the measured count rate, but
A'Cy A7 such thatj is shifted to the origin (the apparently the gain is offset by the increased ambiguity.

def|n|t|on depends on the FFT software), the shiftdding extra shielding to eliminate the overlap increases the
should wrap around the image boundaries. performance in center of the field-of-view, at the cost of

b) apply a spatial window functioi’, which equals 1 increased variance near the boundaries of the field-of-view.
at the origin (i.e. near the original value of voxgl These studies focussed on the variance of voxel values in the
and decreases linearly with distance to the origifieconstructed image. However, extension to the analysis of the
For pinhole SPECT, we usddl (7) = (1—[z|/N) Mean and variance of regions-of-interest is straightforward, as
for an image of N x N voxels. See below for a Was shown in a study of time-of-flight PET [59].
note on this window.

c) compute the Fourier transforh? of F7, which B. Multiplexing artifacts
yields an image with complex valued elementsthe method described above accurately predicts the local
Zero padding can be used to reduce edge effectgesolution and noise properties of the reconstruction, but it

6) Compute the approximate inverés of £V, e.g. provides little information on more global image features. With
f pinhole SPECT using overlapping projections, the creation of

Gi — — F ! ’ (24) multiplexing artifacts has been observed [57], [61], [62]. The

Fi*Fi + ¢ problem is illustrated with the cartoon of fig 8. Assume that

where* denotes complex conjugateis a small positive
constant and the multiplication and division are done
voxel by voxel. In [57] a slightly different expression
was used:

Gi — FI*R(Fi),
FiFiR(Fi), +¢
whereR takes the real part and the subscriptienotes
replacing negative values with 0. This modification
basically changes the weight of the regularising constant
€.

7) ComputeGY * FJ (where * denotes voxel by voxel
multiplication), compute the inverse Fourier transform,
and shift the origin back toj. This is the image Fig. 8. In multi-pinhole SPECT, the ambiguity creates a “competing”
GJIA’C’ 1457 The |mage is smoothed with the approglt;{ﬁg:e(ltssj location can be predicted by backprojection through the “wrong”
priate low pass filte? to yield the image (22)P mu

be adjusted to ensure that the predefined target feso'“@ﬁot point source inside a warm background is scanned with
is obtained. a dual pinhole SPECT system. In every projection image, the
8) ComputeGi*Gi«F7, compute the inverse Fourier transpoint source creates two hot blobs. During reconstruction, the
form, shift the origin back tg' to obtain the covariance presence of these blobs must be explained as activity along at
image ofj and post-smooth twice with filtel’ to obtain  |east some of 4 projection lines. Two of these correspond to the
the covariance image (23). true object, the two others may cause the creation of a “ghost”
A spatial window similar toWW was used for fan beam object. Depending on the amount of ambiguity, this competing
tomography in [54]. We found it to be beneficial in (multi)ghost object may require a huge amount of iterations to be
pinhole SPECT applications as well, but not necessary in makminated. If the ghost object is located on the rotation axis
stable tomographic applications, such as time-of-flight PEHE.g. when the two pinholes are positioned on a line parallel

(25)




to the rotation axis), all “ghost activity” will be accumulated [9]
in a small hot spot, which can be very disturbing.

In multi-pinhole SPECT, these ghost objects are more persis-
tent if they are supported by more pinhole apertures. This[i]
illustrated in fig 9 for a simulated two-dimensional 7-pinhole
system. Because of the regular pinhole pattern, the ghost
objects are supported by multiple pinholes and persist in an)
OSEM reconstruction after 10 iterations with 18 subsets. By
perturbation of the pinhole positions into an irregular config-
uration, the artifacts are reduced. Also the use of additionas
information, such as the body outline enclosing the activity,
may help to suppress the multiplexing artifacts [63].

(23]

(14]

(15]

(16]

(17]

Fig. 9. Comparison of the ML-reconstructions of a regular (left) and an
irregular (right) 2D 7-pinhole collimator. The reference image is displayed if8l
the center.

[19]

IV. CONCLUSION
Multi-pinhole collimation enables SPECT imaging of small?®!
animals with a useful compromise between sensitivity and
resolution. For high quality image reconstruction, the system

matrix should be determined accurately. For multipinholéll
systems that allow overlap between the projections, irregu-

lar aperture configurations are recommended to suppress [2& SD Metzler, JE Bowsher, KL Greer, and RJ Jaszczak,

creation of multiplexing artifacts.
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