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Abstract— Multipinhole SPECT imaging has several advan- overlap (also called multiplexing) allowed for the projeas
tages over single pinhole SPECT imaging, including an increased through the different pinhole apertures. Two extreme cases
sensitivity and an improved sampling. However, the quest for a .qqeq aperture collimation with a high degree of multiphexi
good design is challenging, due to the large number of design (Meikle et al. [2]) and no overlap at all (Beekman et al. [3])
parameters. The effect of one of these, the amount of overlap \"'"™~™ : p ’ !
in the projection images, on the reconstruction image quality, is With in between a moderate amount of overlap (Schramm et
examined in this paper. The evaluation of the quality is based on al. [4]). Although overlap has been studied previously .(e.g
efficient approximations for the linearized local impulse response [5]-[7)), its effects are not yet completely understoodthis
and the covariance in a voxel, and on the bias of the reconstruc- \,,ork we try to find the answer to the question: “Is it better to

tion of the noiseless projection data. Two methods are proposed h itivitthanks t | . iecti t
that remove the overlap in the projection image by blocking avemore sensitivitthanks to overiapping projections or to

certain projection rays with the use of extra shielding between the emove the overlagand thus reduce the sensitivity) in order to
pinhole plate and the detector. Also two measures to quantify the have unambiguous information in each detector pixel?” For a
amount of overlap are suggested. First, the approximate methqd certain pinhole design, the overlap can be removed by [uttin
predicting the contrast-to-noise ratio (CNR), is validated using  gyir4 collimation material between the pinhole plate arel th
post-smoothed MLEM reconstructions with an imposed target detect h that h detect ixel | . t
resolution. Second, designs with different amounts of overlap etector, SL,’C at each de ef: or p.lxe only receives sourj
are evaluated to study the effect of multiplexing. In addition, from one single aperture. We investigate the effect of multi
the CNR of each pinhole design is also compared with that of plexing on the reconstruction image quality of each voxed. A
the same design where overlap is removed. Third, the results are 3 measure of image quality the contrast-to-noise ratio (CNR
interpreted with the overlap quantification measures. Fourth, the of the linearized local impulse response (LLIR) in a voxel
two proposed overlap removal methods are compared. From the f th tructed i . d. The efficient imat
results we can conclude that, once the complete detector areaa of the reéconstructed image IS used. The emcien ap.pro?ema
been used, the extra sensitivity due to multiplexing is only able to Method to calculate the CNR was presented earlier in [1].
compensate for the loss of information, not to improve the CNR. A recapitulation of this method can be found in section II-
Removing the overlap, however, improves the CNR. The gain is A, Also the bias in the reconstruction image is studied. In

most prominent in the central field of view, though often at the section 11-B we propose two different ways to remove the
cost of the CNR of some voxels at the edges, since after overlap

removal very little information is left for their reconstruction. over_lap in the p_rme:ch_on image. To analyze its influence on
The reconstruction images provide insight in the multiplexing the image quality, it is useful to have some measures that

and truncation artifacts. guantify the amount of overlap. Some suggestions are made
Index Terms— Multipinhole SPECT, overlap, multiplexing, " Se€ction II-C. In section IIl several simulation studie® a
reconstruction image quality. described. First, a validation study is presented. Sectral,

effect of overlap on the image quality is studied based on

a number of multipinhole designs with a varying degree of

multiplexing. Each design is also compared with the same
Over the past decade research on small animal imaging @@sign, but with extra shielding such that the overlap is

gained a lot of interest. For SPECT, multipinhole collimati removed. Third, the overlap quantification measures ard use

methods are receiving increased attention over singleofenhto explain some of the results. Finally, the two overlap reaho

collimators because they are expected to provide supenfgthods are compared. The results are presented in se¢tion |

image quality. However, the complexity of designing suchnd discussed in section V.

a multipinhole collimator increases dramatically with the

number of pinhole apertures. The influence of many of these II. THEORY

design parameters, such as the focal distance, the aperiire; aconstruction Image Quality Quantification

diameter and the position of the apertures, has already been D . .

investigated in [1]. Another design parameter is the amofint, O"€ Way to quantify image quality in emission tomography

is to examine the properties of the linearized local impulse
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where@ is the expectation of the projection dafa A is the with i indicating a voxel in the image spac#OI the

reconstruction of the unknown activity distributioh, e/ is volume of our interest (at least excluding all voxels for g¥hi

the j-th unit vector, and;j is the index of the voxel in the phantom; = 0) andI the total number of voxels in thEO1.

reconstruction image. ~ Because the reconstruction is based on a noise-free smogra
The calculation of the LLIRI() and its covariance (Céy and because of the matched post-smoothing, the RMSRD is

for each voxelj using an iterative reconstruction method anchostly due to bias (artifacts). In this work we mainly focus

multiple noise realizations, calledference methoth the rest on the variation in CNR.

of this paper, is very time-consuming. Therefore some effici

analytical approximations were proposed by Fessler eBal. [B. Overlap Removal Methods

[9] and Qi et al. [10] for converged maximum a posteriori i o
(MAP) reconstruction: The amount of overlap in the projection images can be

BA) m gy varied in different ways, such as:
,(A) ~ [F + U™ Fe , « by varying the number of pinhole apertures,
CoV(A) ~ [F + U] 'F[F + U] "¢l (4) . by varying the distance between the pinhole apertures,
whereF is the Fisher information matrix, which is a function « Dy varying the focal distance,
of Q, 3 is the smoothing parameter aiidl is the Hessian of ~ Dy varying the acceptance angle,
the quadratic prior, used for regularization. or a combination of the above. However, these methods induce
We derived very similar approximations for converged change in image quality in two interacting ways. On the
post-smoothed maximum likelihood expectation maxim@ati one hand, the activity will be seen with a different sengitiv
(MLEM) reconstruction with an imposed target resolution: due to the altered design parameter(s). On the other haad, th
1(A) ~ PIGIFiei (5) am(_)unt_of multi_plexing will differ. Th_erefore,_ in ad_ditioaach _
p i T design is considered twice. Once just as it is, i.e. producin
Cov'(A) = PIG" (M) 6 overlapping projections on the detector (see figure 1(ay, a
with P7 the isotropic Gaussian post-smooth filt€f/ the once more with additional shielding between the pinhole
approximate pseudoinverse @7, which is the local shift- plate and the detector (see figures 1(b) and (c)), which stops
invariant approximation (see [10], [11]) &, and” denoting projection rays that otherwise would cause multiplexingisT
transpose. More details can be found in [1]. overlap removal can be obtained in many different ways. In
A fixed spatial resolution enables the comparison béhis section, two methods are presented.
tween different pinhole collimator designs. This couldoals The sensitivity of an aperture will be measured as the pro-
be achieved with a MAP method, e.g. using the analyticfction image of a uniform plane source through that paldicu
approach presented in [12]. As shown in [13], MAP and pos&perture. In figure 1(a) the black dashed and dotted curves
smoothed MLEM have the same noise performance when tepict profiles through the projection images correspandin
same uniform resolution is imposed. to the central and eccentric apertures, respectively. rithm
As a reconstruction image quality measure the contrast-fsroven that the distance between the planar source and the
noise ratio (CNR) in voxe} is used, which can be calculatedpinhole plate has no influence on the projection images. In
from the contrast recovery coefficient (CRC) and the vaganthe rest of this work such a projection image will be called
of the LLIR in that voxel (which are thg-th element of’(A) the “sensitivity imag®, or simply the “sensitivity” of the

and Cov(A), respectively): corresponding aperture. The white solid curve in figure 1(a)
CRC shows a profile through the total sensitivity image. As can
CNR = Vvariance ™) pe seen, the overlapping projections cause an increasald tot

One should however take into consideration that pinho?@nsmv'ty' e . . .
SPECT is incomplete tomography. Due to the insufficient The sensmy|ty IS readﬂylc_alculated analytically _(suaml
sampling there is no unique solution for the reconstructi [4). Knpwm_g 'the sgnsmvny for each aperture in each
problem. For multiplexing pinhole designs this causes t tector.plxel, It S 's.tralghtf'orwarql to detegt and/or remo
reconstruction image to suffer from artifacts (see [6],]1{14 Gverlapping sensitiviies in simulation experiments.

[16]) in the form of points ghost point} or circular shapes The two overlap removal methods, proposed here and used

(ghost circle}. If no overlap is allowed, the probability for © compare designs _V\,"t,h and without m.ultlplexmg, are-
truncation artifacts increases. 1) Maximum sensitivityThe most obvious way to remove
Because it is not guaranteed that these image degradifyltiPlexing is to keep the highest sensitivity in each deie
effects influence the CNR, we found it useful to examine tHX€l- All other sensitivities in that pixel are put to zero.
reconstructed image as well, either by visual inspection &fIS S€ems intuitively a good solution, since sensitivida
the image, or by evaluating the root mean squared relatiEonstruction image quality go hand in hand. This prireipl

deviation (RMSRD) of the post-smoothed reconstructed emaly lllustrated in figure _1(b)’ where the black dott.e.d.an.d dash
from the original post-smoothed phantom, which is cal@dat curves represent profiles through the new sensitivity ireaje

as follows: INote that this “sensitivity image” only provides the sendii as a function
recon;—phantom; \2 of two dimensions. It does not include the effect of the distabetween
RMSRD — ZiEVOI( )

phantom; (8) the point source and the pinhole plane, and differs theeefimm the more
I ’ commonly used definition of sensitivity.
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Fig. 1. Graphical explanation of the “sensitivity” (a) forsanple multipinhole configuration and illustration of the twmposed overlap removal methods:
(b) maximum sensitivity and (c) central sampling.

the three pinhole apertures, and the white solid curve tiepic represents the global amount of overlap in the detectorespac

profile through the total sensitivity image. The extra dfire It is not related to the voxels (in the image space), such that

prevents the projections from overlapping. It is designed it is impossible to know which voxels and how many might

such a way that the transition from one pinhole to the nesuffer from this ambiguous information collection.

happens at equal sensitivity in order to retain the highestTherefore overlap quantification is envisaged from a differ

sensitivity in each detector pixel. ent perspective in this paper. Since the main purpose of this
2) Central sampling:Another useful approach could be towork is to investigate the influence of overlapping projeasi

optimize the performance for the central field of view (FOV)on the CNR in each reconstructed voxel, the amount of overlap

by giving preference to extra sampling of central voxelsrovés computed for every individual voxel.

sampling of more eccentric voxels. For that purpose, theThe following measure of overlap is proposed:

distances between the reconstruction image center and the ,

backprojection lines _starting from the detector pixel tigh amount of overlap for voxej = 1 — Zq Ua _ (9

the center of each pinhole aperture are computed. The sensi- Yoo (UL + M)

tivity of the aperture corresponding to the smallest distan ] . ] , _

is preserved, all others are set to zero. For an illustraes Wherej is the voxel under consideration, aby and M, rep-

figure 1(c), where for one detector pixel in a former overlaf#Sent the total “useful” and the total “multiplexed” seivsty,

zone (see figure 1(a)) the backprojection lines through tf@SPectively, both at rotation angte To computel/;, a point

two involved apertures are drawn in gray. The backprojecti®@Urce inj is projected through the center of each apertyre

line through the central pinhole lies closer to the imagé! rotation anglex) onto a single detector pixel, and detected

center than the line through the right pinhole. Therefone, tWith the useful sensitivitl; ,,, corresponding to that pixel

shielding is designed such that the former line is allowe§ee figure 1(a)). Subsequently, these sensitivities anensul,

to pass through, while the latter is stopped by collimaté®: UL = 2., UL ., Averaging over all rotation angles

material. In other words, the sensitivity of the centralryre  9ives an idea of the total amount of information that could

is maintained, whereas that of the right aperture is put to.zehave been available during reconstruction, if no overlapldo

The black backprojection lines corresponding to the bladi@ve been present in the projections. However, in the case of

arrows originate from a detector pixel where the transitighultiplexing, activity originating from other image voxeand

of one sensitivity to another takes place, since the dissnd®rojected through other apertures might also be detected by
to the center of the image are equal. the same detector pixels. As an example, in figure 1(a) the

pixel detecting the activity in voxel through aperture 1 with
o useful sensitivityU] ; also detects other activity seen through
C. Overlap Quantification Measures aperture 2 with a multiplexed sensitivityZ/ . ,. To account
An intuitive method to quantify the amount of multiplexingfor this, all multiplexing sensitivities are accumulatesivaell,
consists of determining for each detector pixel from howielding M? = D apy Dapmtap, M}, o ap,, TOr angle a,
many pinhole apertures it is gaining information and avieag with ap,, and ap,, the apertures causing the useful and the
this number over all pixels. This is a basic approach withiultiplexed sensitivities, respectively.
several disadvantages. First, it does not take into acatent As a result, for non-multiplexing designs the amount of
degree of multiplexing in terms of the relative contributio overlap equals zero for every voxgl For designs with
of the involved apertures to the measurement. Second, it oolerlapping projections, it will be between zero and one for



some voxels and zero for all others. In addition, a highe
degree of multiplexing results in a higher value, both in th
case where overlap is caused by an increasing number
apertures, and in the case where the share of the multiple
sensitivity becomes larger with respect to that of the Usef

sensitivity.
Another issue that should be taken into consideratio - — i
. Nneo omo e
however, is the fact that overlap removal can reduce thé to ohere, tranensial slice sobore, transaxial shice
sensitivity for a voxel, because one or more projectiondine (used for validation) | (used for simulations) 1

are blocked by the extra shielding (see figure 1). Therefae \
suggest a second measure:

o R}
loss of useful sensitivity for voxel =1 — M (10)
20 Ua
with RJ, the total “remaining useful” sensitivity for voxel
j after overlap removal (at rotation angte. An example () Ratbrainphantom, (d) Rat brain'phantom, ¢y Rasbrsin phiantons
is shown in figure 1(b), where the same configuration as .,'rensaxialstice coronal slice S alics

figure 1(8') IS dep|ctgq, .bUt with the ov_erlap remove.d f(_)lhlg\n. Fig. 2. The investigated voxels (in a slice containing theR)On two
the maximum sensitivity method. Since the projection Imy&,\omOgeneous spheres with a radius of (a) 17.5 mm and (b) 23.0 mm,

through pinhole 1 is bIockecR{X_l equals zero. For the otherrespectively, and in a rat brain phantom: (c) transaxial,c@pnal and (e)
two apertures the useful sensitivity before and after ayer|sagittal slice through the AOR.

removal is the same. Consequently, the total loss equats zer

if the introduction of extra collimation does not affect th
sensitivity for voxelj, and increases (to maximum one) wh
more (or all) useful sensitivity is discarded.

&56x200 square pixels with a pixel size of 1.95 mm. The
thtrinsic resolution of the detector, which was assumedeo b
an infinitely thin, perfect absorber, was modeled as a Ganssi
with a full-width at half-maximum (FWHM) of 4.0 mm.
IIl. SIMULATION SETUPS For a homogeneous sphere with a radius of 17.5 mm and an
A. Validation of the Image Quality Quantification activity of 5 kBg/mn¥ the CNR in 39 equally spaced voxels

In section IIl-A some efficient approximations for the LLIR(@S Shown in figure 2(a)) was examined with the approximate
in an image voxel and its covariance were described paethod as well as with the reference method. The simulated

quantify the image quality after post-smoothed MLEM recoePECT acquisition consjsted of 64 rotatiop angles (60 s)each
struction. These have been validated in [1] for variousgresi measured over 360The image space consisted ob@x 65
differing in aperture diameter, focal distance, acceptamgle, cubic voxels Wlth a size of 0.8 mm and a target resolution of
positioning of the pinholes, number of pinholes, etc. Irsthz-4 MM was imposed. o _

paper we study another pinhole design parameter, the iftuen The resolution and sensitivity effects of the pinhole aper-

of overlapping projections, in more detail. Although it wadureés were modeled in the projection method as follows.
already implicitly studied and validated in [1], a more thogh For each detector pixel-aperture combination a cone ttroug

investigation was needed, and an extra validation study f6f¢ FOV, which contains all voxels that contribute to the

designs with explicit overlap removal was still considerelfl€nsity measurement of that pixel, is defined. Each vexel
to be relevant. Therefore, for a well-chosen multipinhol§ONtribution is weighted by a factor dependent on the disan
design, investigated before and after overlap removalt(aen betwe_en the voxel and the detector. These weights are calcu-
sampling method, see section 1I-B), the approximate meth@(ﬁe,d n advance, and are used for a,” forward and backward
was compared with respect to the - very slow - referen@ojections. Our current implementation does not alloweedg
method calculating the post-smoothed MLEM reconstrustioR€netration modeling yet. Scatter and attenuation efigete

of a large number of noisy projection data sets. neglectﬁd. . A . _
The multipinhole design consisted of 7 pinhole apertures 0" the reference method, the iterative MLEM reconstruc-

with an aperture diameter of 1.8 mm and an acceptance anjfg’S Were accelerated using ordered subsets (OSEM) [17],

of 60°. All apertures were located in a plane parallel to the-Sl- Anlequwalent of 472 |terzri]t|ons were fca;]lculated to ru?]
detector. The 6 apertures surrounding the central one wifEEM close to convergence. The FWHM of the post-smoot

uniformly distributed over a circle with a radius of 15 mmfilter was cho_sen such that the impulse response r_eached the
This radius will be callecpinrad throughout the rest of this [2r9€t resolution. For the calculation of the (co)varia@s®

paper. Three pinholes were positioned on a line parall¢o t10IS€ realizations were simulated.

axis of rotation (AOR). All apertures focused on the image

center, i.e. the axes of symmetry of all apertures intersdét Effect of Overlap on Reconstruction Image Quality

at the image center. The distances from the detector to thélo investigate the effect of overlap on the reconstruction i
center of the pinhole plate and to the AOR were 173 mm amage quality, we compare several realistic multipinholegles
218 mm, respectively. The data were acquired in a matrix with different degrees of multiplexing. For each desigrg th



CNR was calculated for 39 voxels of a homogeneous sphere
with a radius of 23.0 mm and an activity of 5 kBg/mim
(see figure 2(b)), using the approximate method. Afterwards
these designs were also tested for a digital rat brain phanto -
with realistic dimensions and activities (see figures 269)-
to examine the effects of imaging another (more relevant)
phantom with a different morphology. .
All investigated designs had the same main parameters a:S 0.0005 ]

0.0015 T T T

atio

0.0010\ /

noise ri

—to—

the designs described in the previous section. They difietr o § F — Reference method (with overlap)

in the number of apertures and/or in the distance between the [T g‘;fe'fe‘r"’::';:::;Z°E’n£":\:‘e:;:;'°P)

central and the surrounding pinholes (pinrad). The prajact Lo Approximate method (no overlap)

images were also acquired in the same way as in the validation ®*°*; = P = o
study, however including attenuation modeling this timé- A point number

tenuation of®®™Tc in water was simulated, i.e. 0.015 mn
The image space was enlarged to<®5x 95 voxels of 0.8 mm Fig. 3. Validation of the approximate image quality quanttiima method

and the target resolution was kept fixed to 2.4 mm with the reference method. The CNR obtained with a 7-pinhelgigh with
) ) inrad of 15 mm, with and without overlap (central sampling méthwas

.. . . aé)
Three groups of multipinhole designs were examined. TR&culated in 39 voxels of a small homogeneous sphere (figa. 2(
first group consisted of three designs with an increasing

number of pinholes (5, 10 and 15 apertures), and thus an

increasing amount of overlap. For each design the pinrad was'he main system parameters were equal to the parameters
25 mm. For the second group three 10-pinhole designs wetated above (section 11I-B). The pinrad ranged from 35 mm
investigated of which the distance between the aperturss vifitle overlap) to 15 mm (large overlap). The CNR, the anmtoun
varied (a pinrad of 35, 25 and 15 mm). In this case the overlapoverlap and the loss of useful sensitivity were calculdte
increases with decreasing pinrad. The last group contairtbe same voxels of the large homogeneous sphere described
four designs, again with a varying number of apertures (9 pseviously (see figure 2(b)).

15), but with a slightly different positioning of the apewrg

with respect to the first two groups. The pinhole aperturgs Comparison Overlap Removal Methods

surrounding the central one were alternatingly dividedrove In order to investigate how sensitive the CNR and the

two concentric circles, the first one with pinrad 20 mm, thﬁMSRD are to the way overlap is removed, the third group
ﬁﬁ'cond %n?hwnh pmra(: ?ho n(;mt Tth's was done to improve t%‘? designs of section 1lI-B (9 to 15 pinholes with alternatin
1ing and the usage ot the detector. inrads of 20 and 30 mm) was studied in more detail. The
All designs were also investigated fgr the. case where tg?sz and RMSRDs that were obtained after overlap removal
over_lap I\ivaBS Icomhpletely removlfd,d usTg e|t:1er mgtho_d ith the central sampling method are now compared to those
section II- S 3 t. IS way dtWO_ mbs(;) overiap rﬁ UCtionk,ng after maximum sensitivity overlap removal. Diffeces
were examined, 1.e. a reduction by decreasing the rlurmtl.)eertween the two presented overlap removal methods can only

of pinholes or by putting the gpertures .farther apart, andb% explained by differences in loss of useful sensitivityiakih
removal by adding extra shielding to avoid overlap. is calculated from equation (10)

The CNR is insensitive to (low frequency) artifacts. There-
fore, the noiseless projection data were also reconstiweité IV. RESULTS
post-smoothed OSEM (an equivalent of 129 iterations). The o ) o
RMSRD was calculated using equation (8). THe)I was A. Validation of the Image Quality Quantification
defined by all voxels of the post-smoothed phantom larger The results of the validation study, presented in sectibn II
than 50% of the (background) activity inside the object. Fdk, are shown in figure 3. The CNR of each investigated point
the rat phantom of figure 2(c)-(e) all pixels more distantrfro is plotted with respect to its point number. The solid and
the image center than 23 mm were discarded as well. the dashed-dotted line connect the results obtained wih th
reference method for the 7-pinhole design before (‘withrove
lap’) and after ('no overlap’) overlap removal, respedive
The dashed and the dotted line plot the corresponding CNRs

In this experiment, the effect of (the amount of) overlapstimated with the approximate method. The relative stahda
in the projection images, as well as the influence of overlafeviation on the CNR is expected to kg1/(2 x 250) =
removal, will be investigated with the help of the two new.5%. When the new approximate method is compared to the
measures for overlap quantification, described in section teference method, one can see a fair match of the absolute
C (see equations (9) and (10)). For this purpose, three v&lues and an excellent agreement for the performance rank-
pinhole designs with a varying degree of multiplexing wering (overlap versus no overlap). Using the least squares fit
examined using the approximate method. Next, these satheough the validation points of [1] (slope 1.02, y-intgste
three designs were reconsidered after removing the overl@lx10-°), 47.4%, 87.2% and 94.9% of the points lie in a
Last, the reconstructed image and the corresponding RMSRD2 and 3 standard deviation range from the estimated value,
were calculated, as described in the previous section. respectively.

C. Interpretation of the Effect of Overlap
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B. Effect of Overlap on Reconstruction Image Quality the designs with overlapping projections. For both phastom

The aim of the study presented in section IlI-B is ténUCh less difference can be seen between imaging with and

answer the question: is an amount of overlap in the projastio"v_'rt]uzllg (()j\(/aeflanp if a 5-pinhole design is used instead of a 15-
pi sign.

beneficial or should it be reduced, and if so, how? he i L ¢ th L 4 th
Figure 4(a) shows the CNR in the examined voxels of the T SeR[;nvesftlgr?tm}p of the re?ogstr_ucuonr nggs agl tl €
large homogeneous sphere of figure 2(b) for the first group. M S of the first group of designs (listed in table 1)

multipinhole designs. This graph already highlights npéti indicates a very nice reconstruction quality for all rati_bra
effects of multiplexing. First of all, it shows that if the enap phantoms, as well as for the homogeneous sphere imaged

is maintained (solid lines), adding pinholes is beneficata with the S-pinhole designs. Scanning this sphere with the

about 10 apertures. Using a higher amount of apertures ﬁ%gltlpleX|ng 10'. or 15-p|nhole de5|gn,. the reconstrugnon
almost no influence on the CNR. However, if the overlap {hage suﬁers quite hgavﬂy from ghost points and ghostesrc
removed (dashed lines), the CNR increases steadily with tHf&ysing inhomogeneity, but the sphere cc_)uld be re_cc_)ne_ttuct
number of pinholes for central voxels, but decreases foelgox completely. After overlap removal, truncation made it S

at the edge of the FOV. Finally, all designs perform bett le to recopstrgct th<=T most eccentric axial planes and edluc
after overlap removal, except for the most eccentric voxeds las, resulting in a high RMSRD.

the rat phantom (figure 4(b)) very similar results are found, Similar conclusions, but from a differgnt perspec;tive, can
8 drawn from the second group of designs (see figures 5(a)

and (b)). In this second part of the study, the difference in

2Unless mentioned otherwise, the plotted CNRs for desigrisowttoverlap amount _Of overlap is caused by a Variatiqn in the POSitiO”i”Q
were obtained using the central sampling overlap removal rdetho of the pinhole apertures. In the first design the apertuees li
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Fig. 6. Evaluation of the third group of multipinhole desigmih different degrees of overlap and without overlap (cansampling method). The number
of apertures ranges from 9 to 15 and pinrads are 20 and 30 mmatditeggly. The CNR of each voxel indicated in figures 2(b)iéeplotted with respect to
its point number. The left graph (a) plots the results for gdanomogeneous sphere, the right graph (b) those for a rat phaintom.

TABLE |
OVERVIEW OF ALL RMSRDs CORRESPONDING TO THE FOUR GROUPS OF DESIGNS TESTED IN THEIBLATION STUDIES. THE LEFT THREE COLUMNS
SHOW THERMSRDS (DESIGNS ALLOWING OVERLAP(LEFT), AND AFTER OVERLAP REMOVAL WITH THE MAXIMUM SENSITIVITY (CENTER) AND THE
CENTRAL SAMPLING METHOD (RIGHT)) FOR THE LARGE SPHERE THE RIGHT THREE COLUMNS SHOW THERMSRDS FOR THE RAT BRAIN PHANTOM

large homogeneous sphere rat brain phantom

RMSRD,,, RMSRD,,s RMSRD., | RMSRD,,, RMSRD,,s RMSRD.,
ph 5, pinrad 25 mm 1.85% 1.78% 1.80% 2.46% 2.42% 2.41%
ph 10, pinrad 25 mm 7.70% 12.88% 15.30% 3.92% 2.83% 3.60%
ph 15, pinrad 25 mm 9.51% 14.65% 18.78% 5.32% 2.84% 3.96%
ph 10, pinrad 35 mm 6.81% 3.38% 44.99% 4.26% 4.67% 7.17%
ph 10, pinrad 25 mm 7.70% 12.88% 15.30% 3.92% 2.83% 3.60%
ph 10, pinrad 15 mm 10.33% 7.41% 7.20% 5.45% 2.78% 2.86%
ph 9, pinrad 20/30 mm 4.09% 1.83% 3.33% 4.44% 2.17% 2.36%
ph 11, pinrad 20/30 mm 5.25% 3.05% 14.31% 4.29% 2.57% 3.12%
ph 13, pinrad 20/30 mm 8.60% 6.94% 11.00% 5.85% 2.98% 3.78%
ph 15, pinrad 20/30 mm| 13.17% 17.87% 22.26% 6.51% 3.16% 3.37%
ph 7, pinrad 35 mm 8.43% 1.95% 21.68%
ph 7, pinrad 25 mm 6.29% 6.67% 7.15%
ph 7, pinrad 15 mm 11.35% 5.46% 5.22%

much farther from the central one and from one another thtop row images of figure 7, which are central slices through
in the last design, which corresponds to less multipleximg the reconstruction image obtained with the 35 mm pinrad
the former case with respect to the latter case. The desidgsign with overlap allowed. Imaging with a design without
with overlap with the best CNR had its surrounding apertureserlapping projections causes usually more truncatioth an
positioned at a large distance from the central one (pinrbths when the pinrad becomes larger (see figure 7, bottom
35 mm), and had thus the least overlap. The central FOV miw). The design with pinrad 35 mm where overlap was
the sphere seems to benefit most from this reduction in degremoved with the maximum sensitivity method does not follow
of multiplexing. For the rat phantom the transition from &his trend, though, and provides a very good image qualég (s
pinrad of 35 to 25 mm has little influence. For the desigrfggure 7, central row). All reconstructed images of the rairor
where overlap is removed, the pinholes can be put closergbantom were very accurate within the)1.

one another, i.e. 25 mm pinrad (or even 15 mm pinrad if only
the central voxels are of interest as for the rat phantont), hu .
the larger the pinrad, the more homogeneous the CNR over a more sen3|ble_3 usage of the detector area. Du_e to the
entire FOV. Also from these results a general improvement c istribution of the pinhole apertures over two circles teasl

be seen if the overlap is removed, except for some eccenﬁ]{cone’ more (interesting) information is to be expected in

points. The largest difference occurs of course for theduiggt_ € non-overlapping parts of the prOJecuoq Images. From
overlap reduction. figures 6(a) and (b) the same general conclusions can be drawn

as from figures 4(a) and (b), i.e. allowing overlap, the numbe
As expected, designs with a higher amount of overlap havehapertures has little influence on the (quasi uniform) CNR,

higher RMSRD, due to the more severe multiplexing artifactand if overlap is removed, a steady increase in CNR can be

An example of modest multiplexing artifacts is shown in thperceived with increasing number of pinholes at the saerific

The last group of designs aimed for improvement in CNR
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of a decrease at the edge of the FOV. o ' point number
For the homogeneous sphere the multiplexing artifacts be-
come more pronounced with increasing amount of overlap. 1.0 - - - -
. A . N [ BT pinrad 35 (no overlop)
After overlap removal more truncation artifacts and biasuoc e : pinrad 25 §"° overlopi 1
. . . . e = pinrad 15 (no overlap)
if the number of pinholes increases. So, for all designs the _ os}-: : . o
RMSRD (see table ) increases with increasing number of = [ |
apertures. For the 9-pinhole design, the RMSRD improves if § 06l -]
the overlap is removed, whereas a better RMSRD is obtained s [ ]
with overlap for the 15-pinhole design. The rat brain phamto g osk ]
could again be reconstructed quasi perfectly for all design “g r 1
especially for those without overlap. 8 sk 1
Finally, we compare the results of the 15-pinhole design Tt 1
with two pinhole circles (figures 6(a) and (b)) with those of ool Poil s AN .
the 15-pinhole design with one pinhole circle, lying in beam 0 10 20 30 20
the previous two (figures 4(a) and (b)). For central voxeés th point number

results are very similar, but the high CNR is now also apparen

for a Iarger extent of voxels. From the reconstruction inssagéig- 8. Evaluation of three 7-pinhole designs with différdegrees of overlap
. . . . nd without overlap (central sampling method) to interpretaffect of overlap
it is hard to decide which images are better. The RMSR R the CNR in a homogeneous sphere. The three graphs plotdbrveael

favor the single circle design. shown in figure 2(b) their contrast-to-noise ratio (top), amtoof overlap
(center), and loss of useful sensitivity after overlap reahdlottom).

C. Interpretation of the Effect of Overlap

In the previous section many multipinhole designs wetthe central and the surrounding pinholes for three differen
evaluated in order to get a feeling for the impact of overlagp 7-pinhole designs, and at the effect of overlap removal for
projections on the CNR in the reconstruction image. From theese designs. In the top graph of figure 8 the CNR is plotted
results it became clear that it is better to reduce or, if jpbess with respect to the examined voxels of the large homogeneous
even to remove overlap. However, the amount of overlap waghere, as in the previous section. The central graph shmvs t
only described qualitatively (low, medium or high). Here amount of overlap in the detector pixels that get infornmatio
more quantitative approach is proposed, based on the tik@m voxel j (equation (9)), and the bottom graph plots the
overlap quantification measures presented in section II-C. loss of useful sensitivity for voxeJ (equation (10)).

In order to discover some of the underlying reasons for the The central graph of figure 8 shows that all voxels are seen
preference for non-multiplexing designs, we look more thowith a similar, large amount of overlap through the design
oughly at the influence of the variation of the distance betwewith pinrad 15 mm, whereas only the eccentric voxels suffer



from some overlap if the design with pinrad 35 mm is used. As could be expected from the results in [1], the validation
That is why the difference due to overlap removal is largestudy shows that the approximate method predicts the CNRs
in the former case and zero in the most central voxels in tfarly well, both for a design with, and for a design without
latter case. overlap. In general, the approximate method seems to kflight
For the two designs with the smallest pinrad the CNRBRnderestimate the CNR that can be obtained by post-smoothed
steeply decreases at a certain distance from the centeeof MiLEM. This was also observed in [1], where the least squares
FOV. In the bottom graph of figure 8 these same voxels showiia through the validation points inclined a little towards
large loss of useful sensitivity. This ’critical’ distantelarger the reference method. A possible explanation might be that
for designs with a larger pinrad. MLEM has more knowledge due to the built-in non-negativity
Inspection of the reconstructed images and the RMSRDenstraint, which is ignored in the approximate method. The
results in the same conclusions as were drawn for the secatigiribution of the new validation points is comparable hatt
group of designs studied in the previous section. of the first validation study.
As indicated in section 1I-A, the CNR is not always a com-
plete measure for the image quality, because it is insgagiti
low frequency artifacts. This is not due to inaccuracieshef t
The CNR obtainable with the third group of designs afpproximative method, though. In the presence of multiplgx
section IV-B (9 to 15 pinholes with alternating pinrad) was aartifacts, the estimated CNRs were confirmed in the validati
ready shown for the central sampling overlap removal methstlidy discussed above. In the presence of truncationcigifa
in figure 6(a). The CNR was also calculated after overlaguccessful validation was done for the 'ph 10, pinrad 35 mm’
removal based on the maximum sensitivity. The results fdesign with central sampling overlap removal, imaging the
both overlap removal methods are shown next to each otl@ige homogeneous sphere (see figure 7(bottom row); valida-
in figures 9(a) and (b). A remarkable difference in CNR calion results not shown). So far, we used the RMSRD as a
be noticed, especially in the central FOV. The gain in CNRieasure of the bias in the reconstructed image.
initially decreases rapidly with increasing eccentricitging From the simulation studies we can conclude that designs
the maximum sensitivity method, whereas the central sammpliwith overlapping projections (1) should keep the number of
method gives rise to an improved CNR in a larger (centrabjnholes low enough, (2) should put their apertures farther
FOV, at the cost of the CNR of points at the border of thapart compared to the same designs where overlap is removed,
FOV (especially those far from the central plane). and (3) lead to inferior CNRs compared to their overlap-free
As the designs, and therefore also their amount of overlgguivalents. All three points indicate the same trend: laper
was the same before overlap removal, only the difference feduction/removal improves the CNR. This is especially the
remaining useful sensitivity is responsible for the diéfier case in the center of the FOV. For the voxels at the border of
results. As shown in figures 9(c) and (d), the loss in useftile FOV the CNR tends to decrease, however.
sensitivity is also much higher in most non-central voxels f  Increasing the number of apertures in a multiplexing design
the maximum sensitivity method than in the case where ti@s found to be useless once the detector area is completely
central sampling method is used, except for the most edcenfilled. To validate this statement, the third group of desigias
ones. extended with a 21-pinhole design. Even for this extremely
In contrast with the results for the CNR, the maximurmultiplexing design, the CNR remained unchanged (resolts n
sensitivity method outperforms the central sampling meth¢hown). Therefore we can conclude that the extra sengitivit
in terms of RMSRD. can only compensate for the decrease in information due
to overlap. No gain, nor loss in CNR is obtained. Similar
conclusions were drawn in [6], [19]. Removing overlap, how-
ever, creates a gain in the center of the FOV, at the cost of
Realistic values were chosen for the collimator, camethe CNR at the edge. Depending on the application one can
geometry and acquisition parameters, based on the curremtclude whether or not this can be considered as a general
parameters of our pinhole SPECT system used for rat bramprovement. It is foregone that overlap removal has more
imaging. For the validation study, the apertures were posiHluence if the amount of overlap was higher.
tioned close to one another to have much overlap, such thaBtudying the reconstruction images obtained with the de-
the results from the design before and after overlap remowigins that allow overlap, an increased bias is observed with
are clearly distinguishable. In addition, a smaller spheas increasing number of pinholes (as in [19]), because there
simulated in a reduced image space compared to the othez more pinhole pairs to cause artifacts and larger groups
simulations in order to keep the calculation time of thef pinholes might confirm the same ghost points or circles.
reference method (close to 300 iterative reconstructicers (rhe reprojection of the reconstructed activity is very &mi
design) reasonable. Attenuation was neglected for the satbethe original projection data, which indicates that these
reason. The size of the large homogeneous sphere was cha@stfactuous images are nearly exact solutions of theatiqul
such that the reconstruction images obtained with the maigi reconstruction problem.
designs (with overlap) did not suffer from truncation axtifs. Another interesting topic is the comparison between the
Needless to say that this could not be guaranteed for atjdesi CNR obtainable with single and multipinhole designs, re-
after overlap removal. spectively. One advantage of single pinhole collimation is

D. Comparison Overlap Removal Methods

V. DISCUSSION
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Fig. 9. Comparison between the two overlap removal method$) ffmximum sensitivity and (right) central sampling. The CNRp images) in the large
homogeneous sphere (see figure 2(b)), imaged with the desighs third group consisting of 9 to 15 apertures at a pinra@®fand 30 mm alternatingly,
as well as the loss of useful sensitivity due to overlap remattom images) are shown.

the significantly larger achievable magnification, as tmglsi This is because a larger pinrad induces less multiplexing
projection image can fill the complete detector area. A seécohefore overlap removal, such that less projections arekbbhc
advantage is that in some applications, e.g. rat brain ingagior equivalently, more useful sensitivity is maintained e(se
it can be positioned much closer to the animal than a mukipifigure 8(bottom)). However, if the pinrad is too large or the
hole design. Due to this reduced distance, this single penhaoxel is too eccentric, some projections might fall outdide
has a higher sensitivity. Its CNR was found to be similadetector area, which reduces the CNR again.
but not higher than that of the (non-optimized) multiplexin
mu|tipinh0|e designs simulated for this paper (resu|ts not MLEM iterative reconstruction can very easily delineate th
shown). However, most non-overlapping multipinhole desig border of the measured phantom or the body contour of the
discussed in this paper easily outperform an optimizedisingmaged animal, as long as a sufficient number of detector
pinhole design in terms of CNR. Only the voxels farthest frorixels only backproject outside the object. For pinhole SPE
the AOR gain slightly in CNR using the single pinhole desigrespecially multipinhole SPECT, one usually tries to use the
Reducing the distance between the pinhole and the AOR afigfector area as efficiently as possible, meaning measuring
has the disadvantage of degrading the sampling in the o#ta from as many angles and in as many pixels as possible.
center planes, though, which results in good image quality The danger is that the reconstruction problem is turned into
the central planes, but very poor image quality in all oth@n interior problem, making a correct reconstruction much
planes. Multipinhole imaging might help here to ameliorat@ore difficult [20]. We tried to avoid this problem for most
the off-center sampling, thereby improving the global imagdesigns by carefully choosing the size of the phantoms and
quality. their distance to the pinhole plate, because solving this- in
rior problem is a research topic on its own. Removing the
In figures 5(a), 5(b) and 8(top) one can see that, after qverlaverlap often induces or increases the truncation problem,
removal, designs with a large pinrad have a good CNR particularly when using the central sampling method, since
a larger part of the FOV than designs with a small pinradnly importance is given to the sampling of the central



FOV (see figure 7(bottom row)). We have observed that tlaeceptance angle of the apertures.
reconstruction artifacts can be suppressed tremendoysly bDespite the rather mathematical definition of the overlap
forcing the reconstruction to be zero outside the body agntoremoval methods, we believe practical solutions can bedpun
(results not shown). Due to its different shape, the ratnbrasuch as the addition of septa in between the pinhole plate and
phantom is easier to reconstruct than the homogeneousesphigre detector (as in the U-SPECT-I [21]), since the sensitivi
The asymmetry of the body with respect to the AOR indeatteas corresponding to the different pinhole apertures for
enables the measurement of the body contour with all desigowsed entities, one for each aperture. However, some addi-
explaining the low RMSRDs for this phantom. tional research is required to find a simple and robust way to
It is known that overlap removal increases the value of thenslate the mathematical methods into an accurate and eas
useful sensitivity by eliminating the ambiguity of the infica- to develop shielding.
tion in a detector pixel. For the voxels in the central FO\stisi During pinhole collimator design, one should keep in mind
usually the only or dominating factor that influences the CNfat the estimated CNR is shift- and object-variant. Thanesf
(see figure 8(bottom)). On the contrary, for more eccentricis very important to clearly state the goal of the design
voxels, especially those farther from the central planefteer (kind of application, typical size and activity distribaiti of the
factor, the loss of sensitivity, gets into play and becomeshantom/animal, size of the FOV, etc.) before passing ohdo t
increasingly important with increasing eccentricity. 8ebr design phase. Furthermore, for small quality improvements
pixels in overlap regions are assigned to only one pinhoke important to verify whether the change in image quality
aperture, such that their sensitivity for voxels (often lgs is worth the often increased complexity of the design. In
central ones) seen through other apertures is thrown awsy. sdldition, due to the approximate character of the evaloatio
a consequence, the gain of information due to unambiguityrisethod, small changes might be caused by inaccuracies.
counteracted by the loss of information due to stopped ptsotcHence, it might be useful to verify the results for (some b t
(by extra shielding), which might result in a decrease in CNRest design(s) with the reference method. As mentionedeabov
instead of an increase. also a reconstruction image (or its RMSRD) is necessary to
The overlap quantification measures, proposed in sectionélaluate the effect of multiplexing and/or truncation fadis.
C were very helpful to investigate the main influences of In the experiments of this paper the pinhole apertures were
multiplexing. We do not claim, however, that the two present positioned in a regular pattern, namely all apertures égual
measures have a predictive value. They were only meant asd@tributed over one or two circles around one central gimho
aid to interpret the results (CNR) found by the approximatehis can have an extra degrading effect on the image quality,
method; not to replace this method. Moreover, one shoule ngince parallel aperture pairs reinforce the multiplexint- a
that these measures are based on the sensitivity image®andatts [15]. Less regular designs might reduce, but not abite
on the projection images. Therefore, they are more relidblethe artifacts, because the artifacts are just more spread ov
the phantom/animal to be scanned fills the FOV, such that th& reconstruction image. An additional advantage of ayer!
overlap in both images is comparable. The effects of overlagmoval is the elimination of these artifacts.
removal are smaller for smaller phantoms because much les§he designs discussed in this paper were all focusing at the
multiplexing occurs in the projection images. center of a small FOV. This study could, however, easily be
Two methods to remove the overlap in the projection imagestended to investigate any other type of pinhole design, e.
were presented in section II-B. All CNR values shown iith apertures focusing at different locations for wholedpo
this paper were calculated using the second method (centrahging (as in [22]).
sampling), except for those in figures 9(a) and (c). The firstOur main conclusion that the CNR decreases and the
method (maximum sensitivity) gave in most cases a Vefyiage reconstruction bias increases with increasing éegfe
similar or slightly inferior CNR in the central FOV and amultiplexing is in agreement with the findings in [6], [7].
slightly better one at the edges. However, for the designs
with two pinhole circles with different pinrads, the result
were clearly different (see section IV-D). The CNR near the
center of the FOV was higher for the central sampling method.In this paper the influence of overlapping projections on
However, the reconstructions obtained with the maximuthe reconstruction image quality in multipinhole SPECT has
sensitivity method were more uniform, and suffered lesmfrobeen investigated. The contrast-to-noise ratio was usea as
bias and truncation artifacts in the off-center planes. quality measure and was calculated based on efficient analyt
From these results, we can conclude that taking the highal approximations for the properties of the linearizedalo
est sensitivity, which seems most straightforward, does rimpulse response. To evaluate the effect of multiplexihg, t
guarantee the best CNR, but yields a good overall ima@NR was calculated for a number of voxels in a homogeneous
quality. Depending on the objective of the imaging task sphere and in a realistic digital rat brain phantom imaged by
different overlap removal strategy should be followed. rito several multipinhole SPECT designs with different amounts
aims e.g. for a really large FOV with a good CNR, somef overlap. In addition, these designs were also examined
additional tricks are required, such as adapting the positg after overlap removal, which could be obtained by putting
of the apertures in order to better fill the detector area. (egxtra shielding between the pinhole plate and the detector.
two surrounding circles instead of one, or irregular patigr Two intuitive overlap removal methods were proposed. The
letting the apertures focus at different points, or varyihg results indicate that, once the detector area is entiraly,ube

VI. CONCLUSION
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