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Abstract

In this work we present an innovative algorithm for the restaunction of PET
images based on the List-Mode (LM) technique which imprdlieg spatial res-
olution compared to results obtained with current MLEM aithons. This study
appears as a part of a large project with the aim of improviagrbsis in early
Alzheimer disease stages by means of a newly developeddhiitT-MR in-
sert. At the present, Alzheimer is the most relevant negederative disease and
the best way to apply an effective treatment is its early mtisis. The PET de-
vice will consist of several monolithic LYSO crystals coeglto SiPM detectors.
Monolithic crystals can reduce scanner costs with the adgato enable imple-
mentation of very small virtual pixels in their geometry.ig'is especially useful
for LM reconstruction algorithms, since they do not needeaqalculated system
matrix. We have developed an LM algorithm which has beeraiiyttested with
a large aperture (186 mm) breast PET system. Such an algoirittead of us-

ing the common lines of response, incorporates a novel ledion of tubes of
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response. The new approach improves the volumetric spasalution about a
factor 2 at the border of the field of view when compared widtditionally used
MLEM algorithm. Moreover, it has also shown to decrease tingge noise, thus
increasing the image quality.

Keywords: PET, Monolithic scintillators, Image reconstruction, LM

Reconstruction

1. Introduction

The use of monolithic crystals has shown a great potentiaksi allows for a
virtual pixelation during the reconstruction process. ldwar, when maximum
likelihood expectation maximization (MLEM) or ordered subset expectation
maximization (OSEMY reconstruction algorithms are considered, such a pixel-
lation can not be entirely exploited due to the need of a g@y/stem matrix
that restricts the minimum size of virtual pixels. LM algbrns® do not require
a pre-calculated system matrix. They compute the intamseanage elements
for each line of response (LOR) or tube of response (TOR) arid dssociated
weights on the fly.

All the aforementioned algorithms, MLEM, OSEM or LM, use kpojec-
tors. The ideal backprojector collects all image elemdmsare crossed by lines
of sight between a given pair of detectors and evaluatesrdee(ar volumes) of
intersection between the fan of lines and the collectedreguar cubes (voxels).
One of the most popular backprojector is the tracing of ahagugh an array of
pixels or voxels using the Siddon metH8d This method models LORs, but thin
lines do not match well the area of the detector pixels. Thysir of detectors

could be more accurately modeled if a TOR linked the detsctbhis technique
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has been established in last years with successful resitg both squar® and
cylindrical® sections of the TORs.

In this work, an LM algorithm was implemented for a dedicabedast PET
that uses monolithic crystals, with the aim to study theaftd different virtual
pixel sizes on the reconstructed images. In this implentiemtahe TOR method
based on square sections was used as a new backprojectaorasapproach is
an extension of the Siddon metH&dor volumes. Due to easy calculations taken
around the Siddon intersection point, is possible to reabfgla computational
efficiency. To evaluate the performances of this algoritstndies on the sys-
tem spatial resolution, uniformity, and image quality weeeried out and they
were compared with those obtained with LM-Siddon and MLENbaithms. The
MLEM we have implemented in this work uses as backprojettersplid angle

approack).

2. TOR method

In this section we present a description of the TOR backptoje The image
space is considered as intersection volumes of orthogetsbs$ parallel planes.
The data space is formed by the set of coincidences collecthad detector pixels.
Therefore, TORs are defined by a coincidence volume conmettia of these
detector pixels, so they are cuboids crossing the imagessphich is formed by
voxels. In our calculation, all intersections will be apxroated to squared areas.
So, the area of intersection TOR-voxels will always be theesagthe area of the
chosen virtual pixel.

Considering a fixed pixel size we use the central point of thi® T®trace a

line between the considered pixels. Then, we compute tlees@ttion point be-
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Figure 1. Intersection between TOR and a plane formed byabesfof the voxels in the image

space (left). Voxel coordinates referred to its own axigh(j.

tween this line and the nearest plane formed by the voxesfa€eowing this in-
tersection point as well as the area of the TOR and takingaotount the squared
area approximation mentioned above, we can obtaihNREe andEND points on
the image plane as shown in Fig. 1. These ones concern totéreantion points
between the edges of the TOR and the image space, and haveumrand max-
imum voxel indexes respectively according to our voxel kad®n. In order to
find out the crossed areas by the TOR, we will refer the pdMt§ andEND to
its own reference system, see Fig. 1.

Finally, using these coordinates and knowing the voxebiadénvolved in the
intersection we can further compute all the voxel areas. Jalametric approx-
imation, the product of these area values for every voxetsithe length of the

TOR path for the central point between two consecutive [gavik be performed.

3. Measurementsand results

The LM-TOR algorithm has been initially evaluated on theidatdd breast
PET MAMMI ®. The MAMMI ring is formed by twelve detector modules. Every
one consists of a pyramidal truncated LYSO monolithic @lysf 40 x 40 mm?
entrance surface and 10 mm height coupled to a PSP#T

The exploration is carried out in prone position avoidingdst compression
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and allowing for a more comfortable patient position. Data acquired in 3D
and are stored in list mode format. The acquisition systéowalfor coincidences
among one module and its seven opposite, defining a total ph#2. The MLEM

reconstruction used voxels of 1 mm (at three space diregtiand pixels o x

2 mn?, respectivel{*1®,

3.1. Spatial resolution
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Figure 2: Spatial resolution (FWHM) versus the number of IgiXer the transaxially centered
source and for the three axis (top). The same for a 70 mm taligadisplaced point source

(bottom).

The FWHM of a reconstructetfNa point-like source of a 1 mm in diameter
and about 37 kBq, was used to study the spatial resolutioroimeaince of the
system. The point source was placed in two different passticenter and 70 mm
offset) of the transaxial field of view (FoV) and centeredlat aixial FoV. The
acquisition time for each position was 5 minutes. Twelveaiiens were applied
for LM-TOR, LM-Siddon and MLEM reconstructions. For the LM@pach, the
virtual considered pixellation waX) x 20, 40 x 40, 60 x 60, 80 x 80, 100 x 100
(corresponding to pixel sizes Bf< 2 mm?, 1 x 1 mm?, 0.67 x 0.67 mm?, 0.5 x 0.5
mn? and0.4 x 0.4 mn¥, respectively). Two voxel size of 0.5 mm and 1 mm were

taken into account. The reconstruction results for LM-T@d BM-Siddon for 1
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mm voxel size are shown in Fig. 2. Here, the FWHM %y Y andZ projections

are represented versus the number of pixels. We obsenittdiin method tends
to reduce the spatial resolution when the pixel size deeredn contrast to these
results, the TOR approach shows the best spatial resolaioes for the largest
pixel sizes. We expect a higher signal to noise ratio fordagxel sizes since
there are more LORs contained in such a pixel. Both, TOR ando8iddem to

converge into similar values when the pixel size decreakesto the fact that the

differences between the two approximations diminishes too
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Figure 3: Volumetric spatial resolution using MLEM, LM-TCOdd LM-Siddon. The index fol-

lowing the applied reconstruction method acronym onXhexis, indicates the voxel cubic size.

In Fig. 3 we compare the volumetric resolutions of LM-TOR, LS®iddon for
voxel sizes of 1. mm and 0.5 mm with MLEM (using 1 mm voxel sida)all cases
the virtual detector pixel size was set20 x 20. Due to storage limitations the
voxel sizes for MLEM reconstructions could not be furthefueed. With MLEM
we observe a considerable difference between the reswtsded by the two
source positions, while using LM-TOR or LM-Siddon this difénce is almost
vanished. The best values for the spatial resolution areaeth when LM-TOR
reconstruction is underused. This is about 50% better tidaos and MLEM at
the FoV border. The differences when using voxels of 1 mm a&adrn are not

significative.
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3.2. Uniformity

To evaluate the uniformity a cylindrical phantom was spléc@esigned and
placed at the center of the transaxial FoV and covering ttieeeaxial FoV. It was
40 mm height and 100 mm in diameter. The initial activity w8%kBg/ml and the
acquisition lasted 10 minutes. The attenuation correctias applied during the
reconstruction process following an image segmentatipnogei'Y. The chosen
voxel size for all reconstructions was 1 mm. The uniformigsveomputed as the
ratio betweer(Voxel,,,.- Voxel,;,) over (Voxel,.,+ Voxel,.;,)*? in a volume of
interest of 30 mm.

The results for LM-Siddon are most of times slightly highleart those ob-
served for LM-TOR. When using binnings 26 x 20 or 40 x 40, the uniformity
values for LM-TOR and LM-Siddon reach values of about 20% 241, respec-
tively. However for a pixellation of 60< 60 or higher with LM-TOR method
the values of the uniformity are comparable to MLEM (2®0), and reasonable

good as presented elsewh@teawith clinical images.

3.3. Image quality

Another custom cylindrical phantom (see Fig. 4) reprodgaaveral hot and
cold lesions has also been designed to evaluate the imatgy giiavas filled with
a warm background activity concentration of 6 kBg/ml. Foulindrical inserts
placed 30 mm away from the center of the phantom were filletl dhifferent
activity concentrations to model the hot and cold lesiorig dold one was 26 mm
in diameter and filled with a non radiactive solution. Two loé thot lesions had
a size of 20 mm in diameter and were filled with an activity aamtcation about
eight and four times higher than the background activitypeetively. The third

one was 15 mm in diameter and was filled with and activity catre¢ion eight

7
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times higher than the background activity. The analyzed detre reconstructed

using 1 mm voxel size.

130mm

Figure 4: Phantom designed to evaluate the image qualityn&€ been calculated in hot lesions
A, BandC.

We determined the so-called contrast coefficients (CC) fottite hot lesions
with the labels A, B and C in Fig. 4, calculating the activigtio of a ROI over
the background divided by the real measured activity Ft@, as follows:

measured insert activity /measured background

cC =

(1)

The insert ROIs had dimensions of 80% their nominal size. Fdekground

real insert activity /real background

ROIs were centered in the phantom with identical dimensiortise particular in-
sert ROI. The CC results for the LM-TOR when using binning8Gof 80 become
comparable to those obtained with MLEM. For the number oglsixanging from
20 x 20 to 60 x 60, the values of LM-TOR are on average slightly lower than éhos
determined with MLEM. However, the CC obtained with LM-Siddare closer

to MLEM when the largest pixels size2)( x 20) are considered.

4. Conclusions and futurework

The MLEM algorithm using the solid angle approximation tegalculate the

system matrix and the LM algorithm using both Siddon and T@Rreaches,
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Image Quality CC(A) CC((B) cCC(C

MLEM (20 x 20) 0.77 0.90 0.86
LM-TOR (20 x 20) 0.54 0.73 0.7
LM-TOR (40 x 40) 0.56 0.75 0.69
LM-TOR (60 x 60) 0.59 0.72 0.7
LM-TOR (80 x 80) 0.74 0.87 0.86

LM-Siddon €0 x 20)  0.62 0.85 0.83
LM-Siddon @0 x 40)  0.59 0.79 0.74
LM-Siddon 60 x 60)  0.50 0.70 0.69
LM-Siddon 80 x 80)  0.58 0.73 0.7

Table 1: CC for different reconstruction binnings using MLA_M-TOR and LM-Siddon

have been compared. The spatial resolution analysis stavthe TOR method
improves the image spatial resolution compared to the atfeghods, being this
benefit higher at the edges of the FoV. The TOR method achasaeptable val-
ues of uniformity at detector pixel sizes below7 x 0.67 mm?. The CC values for
the TOR method improve when the binning increases, actgahimbest results at
0.5 x 0.5 mn?. This occurs since the smallest pixel sizes permit a morerate
localization of the line of response which results on a lb€lte determination.

The use of different detector pixel sizes allows for diffégrenage reconstruc-
tion features. With the TOR method, the virtual detectoepsize ofl x 1 mn?,
shows the best average results in terms of spatial resojutrbile larger pixel
binning provides better uniformity and image quality.

An extensive work is undergoing to include the solid anglprapch in LM
for direct comparison. Moreover, an alternative recorsion, the LM-OSEM is
under implementation. This method is expected to delivstefareconstruction

times, enabling on-line reconstructions.
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