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Table 1 Resolution (measured as full width at haif maximum) for
05, 1.0 and 20 mm pinhole aperture diameters obtained from the
line source phantom study, which was reconstructed using OS-EM
(five iterations) with the three different resolution recovery
methods: no resolution recovery (noRR), multi-ray based resolu-
tion recovery (rayRR) and point-spread function-based resolution
recovery (psfRR)

Aperture diameter (mm)
Algorithm 05 10 20
noRR 1.4 1.6 24
rayRR 1.3 1.4 13
psfRR 1.2 1.4 1.3

where /g is the average count in the region of intercst
(ROI) of the rod and J,; the average count in background
ROL. The rod ROIs were circular and had the samc
diameter as the corresponding rod, whercas each back-
ground ROI was annular with inner diameter equal co the
diameter of the rod and outer diameter was inner diameter
plus 2mm.

All the acquisitions were performed using 0.5, 1.0 and
2.0mm pinhole aperture (60° opening angle), 55 mm
radius of rotation, 4.3 mm pixel size (128 x 128 matrix),
360° circular orbit and 120 projection angles. In order to
avoid centre of rotation shifts the projection dara was
acquired by rotating the targer instead of the detector
using the system presented by Zeniva o o/, [18).

‘T'he imaging time per projection angle was selected so
that the number of total projection counts was similar in
the 0.5, 1.0 and 2.0 mm pinhole aperture studies. The
average total projection counts in the line source,
Jaszczak and contrast phantom study were 0.9 MCits,
5.2 MCts and 51.8 MCrs. The images were reconstructed
with the three OS-EM algorithms using cight subsets and
five iterations with 0.94 mm voxel size.

Results

Table 1 prescats the resolution values after five
iterations for the threc pinholc apertures and three
algorithms. The resolution recovery clearly improves
resolution and its effect is more pronounced at larger

Transverse slices of the Jaszczak phantom study (five slices summed into ono); from top to bottom 0.5, 1.0 and 2.0 mm pinhole aperture diameter and
function resolution

from left 10 right OS-EM with no resclution recovery, multi-ray based resolution recovery and point-spread

bubbles are marked with arows on one of the images.

based recovery. Air
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Tobte2 Contrastfor 0.5, 1.0 and 2.0mm pinhole aperture diameters obtained from the contrast phantom study reconstructed using OS-EM
(five iterations) with the three different resolution recovery metheds: no resolution recovery {noRR), multi-ray based resolution recovery

(rayRR) and point-spread function based resolution recovery (psfRR)

Rod diameter Apenture diameter and resolution recovery method
(mm)
0.5mm 1.0mm 20mm

noRR rayRR psiRR noRR rayRR psfRR noRR rayRR psRR
20 034 035 0.35 0.29 030 0.31 0.13 0.14 0.13
3.0 046 0.48 0.50 0.38 0.39 0.41 0.28 0.32 0.28
4.0 0.48 0.49 0.51 0.51 0.54 055 034 0.40 0.38
5.0 0.48 0.49 0.51 0.49 0.51 0.52 0.37 0.43 0.42
6.0 0.50 0.51 0.53 0.49 051 053 0.38 0.43 041
70 0.50 0.50 0.52 0.50 0.53 054 0.41 0.48 044
8.0 0.49 0.50 0.62 0.48 0.50 0.52 0.39 0.43 043
2.0 0.51 0.52 0.53 0.53 0.55 0.57 047 0.51 0.49

True contrast of the rods versus background according to Equation 2 is 0.67.

pinhole diameters. On the other hand, the results of the
multi-ray and the point-spread function bascd methods
do not differ much. The images of the Jaszczak phantom
(Fig. 2) confirn the above findings. The resolution
recovery has the biggest effect at the 2mm pinhole
diameter case and the quality of the OS-EMpur and OS-
EMpmg images is very similar. The resules of the contrast
phantom experiment after five iterations are illustrated in
Table 2. The methods based on the point-spread function
performs slighely better, overall, than does the multi-ray
based method.

Discussion

This study compared fast multiple projection ray and
analytical point-spread function based resolution recovery
methods to  uncorrected  reconstruction  in  pinhole
SPECT. The multi-ray and point-spread function ap-
proaches improved resolution and contrast. The greatest
improvement in resolution and contrase was neticed at
large pinhole diameters (Tables 1 and 2, Fig. 2). The poor
performance of uncorrected reconstruction at larger
pinhole diamcters is due to the fact that ac larger
diameters the zcro pinhole diameter assumption made in
uncorrected reconstruction is violated more than at
smaller aperture diameters.

As mentioned in the introduction the biggest problem in
incorporating resolution recovery in pinhole SPECT
reconstruction is the large computational burden. The
calculation time for onc iteration of the uncorrccted
pinhole OS-EM (1.7GHz Intel processor with 1.0GB
RAM) was 4 min, whereas the computation time for OS-
EM ke and OS-EMp,mg was 15 min and 10.5 h, respec-
tively, using the acquisition parameters mentioned in the
methods scction. The reconstruction time of the PSF-
based method includes the calculation of the system
model, which dominates the calculation time. If the
system model for the PSF-bascd resolution recovery is
already stored in a hard disk prior to reconstruction the
reconstruction procedure is very fast. Therefore the

point-spread function based resolution recovery is sui-
tablc for systems wherc the imaging geometry is fixed
119}, becausc every time the imaging gcometry changes, a
new system model needs to be gencrated. The OS-
EM,,kr and OS-EM, gk, on the other hand, model the
geometry during the reconstruction and can  offer
clinically acceptable reconstruction times in every case.

The resolution improvement achieved with resolution
recovery is important because it allows the use of larger
pinhole diameters, which provide higher sensitivity. The
poor sensitivity of pinhole collimators has been the
biggest problem in small animal pinhole SPECT. Several
methods, such as multiple detector heads [3,20] and
multiple pinholes [21], have been proposed to overcome
this problem, but these approaches require cither a
multi-headed gamma camera andjor special hardware and
are not vet widely applied. Larger injected activities or
longer acquisition times are not an optimal approach
either, because the radiation burden to the animal or the
difficulty of maintaining proper anaesthesia can cause
problems. Resolution recovery with a fast resolution
recovery algorithm, on the other hand, is almost frce of
side effects. The only drawback of the mulci-ray basced
approach method is a small increase in noisc when
compared to reconstruction without resolution recovery,
which has been illustrated by Beque er o/, [16]. The
coefficient of variation (COV = standard dcviation/
mean x 100%) of a large ROI drawn on thc uniform
background of the contrast phantom also showed chis
small noise increase. After five iterations the COVs for
the 0.5 mm pinhole aperture diameter were 16.1%, 15.4
and 13.7%, when reconstructed with OS-EM,qr, OS-
EM_yyre and OS-EMp,mr. The respective values for the
1.0mm aperture were 16.7%, 17.0% and 14.0%, and
14.6%, 15.9% and 8.4% for thc 2.0mm aperture, The
noisc prapertics of the resolution recovery methods were
not investigated in detail in this study, because they
depended on the implementation of the algorithms. For
instance, the noise level of the multi-rav basecd method
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could be decreased by implementing resolution recovery
also in the back-projector, but unfortunately this happens
at the expense of increased computation time. Noise can
also be decreased by using Bavesian reconstruction
methods [7], which are almost as fast to execute as the
common OS-EM. Therefore from the point of view of the
computational burden the best altcrnative for noise
reduction when mulei-ray resolution recovery is applied
might be to use Bayesian reconstruction methods and
modc¢l collimaror blurring only into the forward projector.

Even though the results presenced in this paper were
obtained from phantom cxpesiments with activity levels
higher than normal can be found in target organs in small
animal studics, we are confident that che resolution
recovery offers similar improvement in resolution and
contrast in small animal studics. However, it is difficult to
predict what kind of impact these improvements have,
e.g. in brain receptor quantification or measurement of
mvocardial infarct size in mice and rats. Thercfore we
plan to further investigate the effcet of resolution
recovery on {semi-) quantitative valucs in most fre-
quently used small animal models.

Conclusion

The fast multi-ray resolution recovery method performs
almost as well as resolution recovery with accurate point-
spread functions and cherefore shows promise in improv-
ing the resolution~-sensitivity trade-off in small animal
pinhole SPECT.
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PET enables not only visualization of the distribution of radiotracer, but also has ability to quantify
several biomedical functions. Compartmental model is a basic idea to analyze dynamic PET data.
This review describes the principle of the compartmental model and categorizes the techniques and
approaches for the compartmental model according to various aspects: model design, experimental
design, invasiveness, and mathematical solution. We also discussed advanced applications of the

compartmental analysis with PET.
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1. Introduction

RECENTLY, positron emission tomography (PET) imaging
with '8F labeled fluorodeoxyglucose (FDG) has shown
great success in tumor detection and cancer staging.
Furthermore, PET has been widely accepted as a tool for
“molecular imaging,” which is regarded as the main
paradigm for twenty-first century biology.'=> Among
several imaging modalities (such as MRI, SPECT, optical
imaging) for molecular imaging, PET imaging has sev-
eral advantages such as high sensitivity and ability for
quantitative measurement. However, in order to exploit
PET’s potential fully, one must understand some basic
principles behind PET. Data measured by PET camera
are composed of various signals. In order to isolate the
component of the signal of interest, a mathematical frame-
work has been developed by several investigators. “Com-
partmental model” originated from the field of pharmaco-
kinetics and is a commonly used mathematical model for
analyzing PET data. Many methods to analyze PET data
have been developed based on the compartmental model
including the quantification of blood flow,* cerebral meta-
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bolic rate for glucose,” cerebral oxygen utilization® and
neuroreceptor ligand binding.” In this review, the concept
of the compartmental model with PET is introduced and
several applications by the compartmental model and
PET are discussed. :

2. General concepts for compartmental model to
analyze PET data

In a typical PET study, PET data are sequentially obtained
after the radioactive tracer is introduced (usually admin-
istrated intravenously) over time. By applying proper
corrections for attenuation, dead-time of detector, physi-
cal decay of radioactivity and scattered photons, PET data
represent the tracer concentration (Bg/m/) at a certain
time. In order to interpret the observed PET data over
time, we assume there are physiologically separate pools
of tracer substance as “compartments.” Figure | repre-
sents general four compartments model or three tissue com-
partments model. The first compartment is the arterial
blood. From arterial blood, the radioligand passes into
the second compartment, known as the free compart-
ment. The third compartment is the region of specific
binding which we are usually interested to observe. The
fourth compartment is a nonspecific-binding com-
partment that exchanges with the free compartment.
The transport and binding rates of the tracer (K, [m!/*
g7t emin~!, k2 [min~'], k3 [min='], k4 [min~"], ks [min~!]
and ke [min~!] in Fig. 1) are assumed to be linearly related
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to the concentration differences between iwo compart-
ments, and the following differential equations are de-
scribed at time ¢ [min].

dg;,(r) ksCr(r) — kaCi(t)
—d%z = K\Cp(t) + keCul) + kaCi(1) — (k2 + kat kGO
dc,,(t)

= ksCy(1) = ksColD)
(N

where Cp(1), Cr(1), Ci(t) and C,(r) are radioactivity con-
centrations at time ¢ [min] for each compartment. Data
obtained by PET camera (Cper(/)) are a summation of
these compartments as

CPET(I) = C_f(’) + Cb(’) + Cn([) (2)

The parameters can be estimated by fitting the model to
measured PET data with arterial radioactivity concentra-
tion (Cp(1)) as input function. The Cp(1) must be measured
separately from PET data acquisition. The frequent manual
sampling of the arterial blood or continuous radioactivity
monitoring by external radiation detector?? is required
(there are several techniques to avoid blood sampling,
which will be discussed later).

It is sometimes more useful to employ combinations of
the paramelers as “macro parameter’ to represent the
observed data rather than individual parameter. The fre-
quent]y used macro pa1 ameters are dlstrlbutlon volume

L k
parametex s or the macro parameters p10v1de several use-

ful pieces of information such as the behavior of target
molecule, physiological function, and pharmacokinetics.

There are several assumptions that underlay the com-
partmental model to interpret PET data. Physiological
process and molecular interactions are not influenced by

Binding
Cb(t)

Non-specific
Binding
Cn{t)

Fig. 1 General three tissue (or four-compartiments) compart-
mental model. This model consists of components of plasma,
free ligand in tissue, specific binding and non-specific binding
and six rate constants (K—ke).
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injected radioligand and should be constant during PET
measurement. Because PET imaging has sensitivity of
10-1'-10"'2 mol/l, most PET studies fulfill this assump-
tion. We presume that each compartment is homogeneous
and the radioligand that passes from one compariment to
the other is instantaneously mixed in the compartment.

3. Classification of the compartmental models and
analyzes

Many compartmental models and many methods have
been proposed to analyze PET data. In this section, we
classify the models and methods in different aspects.

3.1 Number of the compartments

The answer for how many compartments must be consid-
ered depends on the chemical and biological properties of
the radioligand. Moreover, the three tissue compartmen-
tal model in Figure 1 has six parameters and the statistical
quality of the observed PET data or the statistical proper-
ties of the defined model often does not allow to estimate
six paramelers at once. By reducing the number of the
compartments, the number of estimated parameters is
reduced and the statistical variability of the parameters is
suppressed.

The simplest compartmental model is the model which
has only one tissue compartment (Fig. 2). The most
popular application of the single-tissue compartment is
blood flow measurement by 30 labeled water and PET
based on the Fick principle.* The single-tissue compart-
mental model is sometimes enough for many radioligands
to describe their kinetics. The neuroreceptor ligand actu-
ally behaves under the two or three tissue compartmental
model; however, practically one tissue compartmental
model is sufficient to describe the kinetics of the ligand in
some cases, 01!

The two tissue compartmental model (Fig. 3) fits many
radioligand tracers well. ['®FIFDG is a typical example of
the two tissue compartmental model. For many neuro-
receptor radioligands, rapid equilibrium between the
nonspecific-binding and free compartments can be as-
sumed and the two tissue compartmental model is enough
to interpret the kinetics of the ligand.

If the injected radioligand is metabolized and the me-

Ke

L1

Fig.2 Single tissue compartmental model. This model has only
one compartment in tissue and exchange radiotracer between
plasma compartment (Cp) and tissue compartment (Ct) by two
rate constants K and k.

Annals of Nuclear Medicine



k3
Free Binding
<
Cf () LY Cb(t)

Fig. 3 Two tissue (or three-compartments) compartmental
model. This model consists of components of plasma, free
ligand (plus non-specific binding) in tissue and specific binding
and four rate constants (Kj—k1).

3-0MFD

K ks BRAIN Ku ka
BLOOD v

l FDOPA 3-0MFD

Fig. 4 Compartmental model of FDOPA metabolism.'? The
model consists of FDOPA, fluorodopamine (FDA), FDA me-
tabolites (FMET consist of ['®F]6-fluoro-L-3,4-dihydroxy-
phenylacetic acid, ['8F]6-fluorochomovanillic acid) and 3-O-
methyl-fluorodopa (3-OMFD).

tabolized compounds are detectable by the PET camera,
the compartmental model must take into account the
kinetics of the metabolites, which results in more com-
partments and parameters to be estimated. ['8F]6-fluoro-
L-dopa (FDOPA) is a typical example of these kinds of
radioligands (See Fig. 4).!2

Alternatively, there are several approaches which do
not require assumption of the number of compartments.
Instead, they estimate the macro parameters such as the
distribution volume based on common properties among
the compartmental models. Graphical approaches by Patlak
etal.'? and Logan et al.'* estimate the macro parameter by
graphically fitting a straight line to the transformed ex-
perimental data. Spectral analysis'>'® assumes that the
observed PET data can be described by sets of exponentials
as impulse response function and employs non-negative
least squares fitting to estimate exponential basis func-
tions. The spectral analysis also supplies information on
the number of compartments. The basis pursuit denosing'”
extends the concept of the spectral analysis and permits
negative coefficient for the basis functions, facilitating

Vol. 20, No. 9, 2006

adaptation for the reference tissue model (see below for
explanation of the reference tissue model).

3.2 Bolus or infusion administration of the radiotracer
In many cases, the radiotracer is administrated as a bolus,
and dynamic changes of PET data are observed and
analyzed. As shown in Eq. 1, the compartmental model
mathematically includes differential equations. If equi-
librium condition is achieved, i.e. the change rate of the
concentration against time in the compartment is zero, the
left side of Eq. 1 becomes zero, which simplifies math-
ematical formulations for the compartmental analysis.
Continuously supplying radiotracer may produce equi-
librium condition. Well established technique using
this strategy is measurements of cerebral blood flow and
oxygen consumption by continuous inhalations of 0O~
CO, '%0-CO; and >0-0, gases.'® Another example of
usage of the equilibrium condition is bolus plus constant
infusion paradigm for neuroreceptor study.'® This experi-
mental paradigm starts with bolus injection of the ra-
diotracer followed by continuously infused administra-
tion of the radiotracer to achieve constant concentrations
in the tissue and blood. The distribution volume and
binding potential can be easily obtained by calculating
ratios between the radioactivity concentrations in the
tissues and blood. The rate of the infusion may vary
between subjects, and optimal scheduling of the experi-
ments must be sought for success of the bolus plus
infusion paradigm.20

3.3 Compartmental analysis with the arterial input
function or without the arterial input function

As described above, the arterial radioactivity curve as the
input curve is essential for the compartmental analysis
with PET. However, arterial sampling is invasive and
technically demanding. If the heart chamber is inside the
field-of-view of PET camera, the arterial input function
can be directly derived from PET images.?'-?> Or the input
function is estimated by extracting components of blood
from PET images by means of image-processing.2***

Alternatively, several techniques based on compart-
mental analysis have been developed. A common strategy
for these techniques is omitting the arterial input func-
tion by assuming that all pixels of the interest in the PET
data share the same arterial input function.>>*% Many
radioligands for neuroreceptor use the reference tissue
model (Fig. 5) of Lammertsma et al.>’ or its extensions.?
Although these techniques have several advantages over
the method with the arterial input function, especially
non-invasiveness, these techniques generally have more
assumptions and need caution for use. For example, the
existence of the specific binding in the reference region
result in an underestimation of specfic binding in the
target region.*

Review 585



Target Region

fr—————————— ——=—1
: K ks :
| Cr &
| k2 | ] ki |
ol = J
c
H———————=————"
I Pt
| Ce |}
| ko |
L _ -

Reference Region

Fig. 5 Reference tissue model.”” The target region and the
reference region have the same plasma input function. It uses the
C's. time activity curve of the reference region as an indirect
input function.

3.4 Non-linear or linear fitting

In order to estimate parameters from Egs. 1 and 2, non-
linear least squares fitting procedure is required. Gener-
ally, the non-linear fitting procedure is computationally
expensive. Several graphical approaches'!*3! 32 are avail-
able to make non-linear problems into linear ones, which
results in quick estimation of parameters. One must select
the proper graphical approach for a particular radiotracer.
For instance, Patlak plot'* must be applied for irreversible
tracer and Logan plot'* for reversible tracer. The statisti-
cal bias may be introduced due to noise in PET data, and
the improper selection of the graphical approach leads to
wrong parameter estimation.?>? Basis function ap-
proach®*-33 is another major method for linearization. In
this approach, non-linear terms of solution for the com-
partmental model are discretely precalculated within avail-
able ranges of the kinetic parameters, which results in a
linear system to solve. Although the method is computa-
tionally more demanding than the graphical approaches,
the method allows determination of the individual kinetic
parameters of the model.

4. Advanced applications using the compartmental
analysis

As mentioned above, the compartmental model assumes
that kinetic parameters are constant during the experi-
ment. By intentionally violating this assumption, how-
ever, PET can detect and quantify transient changes in
neurotransmitter concentrations.* Endres et al.’” extended
the compartmental model to consider endogenous dopa-
mine release (Fig. 6) and showed that PET data were well
fitted to the model.

Recently, there has been growing interest in detecting
multiple functions simultaneously within the same sub-
ject by multiple injections of radiotracer. Koeppe et al.*®
developed a combined compartmental model (Fig. 7
and studied dual injections of [!!Clflumazenil (FMZ),
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Fig. 6 Extended receptor mode! which accounts for dopamine
competition.’” Amphetamine is introduced at time fyim, and
endogenous dopamine is released. The parameter &3 is varied
according to free receptor Biicc.
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Fig.7 Combined compartmental model for dual injections of
PMP and DTBZ or FMZ.*

N-[''C]methylpiperidinyl propionate (PMP) and
[!'C}dihydrotetrabenazine (DTBZ). Kudomi et al.® de-
veloped a model which compensates for the background
radioactivity from a previously injected radiotracer and
computes CBF and CMRO: from a single PET acquisition
with a sequential administration of ['30]Oz and ['5O1H:0.

As molecular imaging, many trials are currently under-
way to image reporter gene expression in vivo using PET.
The compartmental model can play a role to quantify
kinetics of the reporter protein. Green et al.** showed that
the kinetics of **F-FHBG can be represented by a two-
tissue compartmental model, and 3 is an index of activity
of the reporter protein. However, there are still several
issues remaining for quantification of therapeutic gene
expression®! and further investigations are required. One
particular problem is that the time scale observed by PET
may differ from that for gene expression.

5. Conclusion

The compartmental model is a basic concept to quantita-
tively evaluate PET data. Many techniques based on the
compartmental model have been developed as described
in this review and one must select the most appropriate
technique to analyze one’s own PET data. In future, the
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compartmental model will play an important role in
molecular imaging.
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Performance of list mode data acquisition with ECAT EXACT HR

and ECAT EXACT HR+ positron emission scanners
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Recently, list mode (event-by-event) data acquisition with positron emission tomography (PET) has
been widely noticed because list mode acquisition is superior to conventional frame mode data
acquisition in terms of (1) higher efficiency of data storage, (2) higher temporal resolution, and (3)
higher flexibility of data manipulation. The aim of this study is to investigate the performance of
list mode data acquisition with ECAT EXACT HR and HR+ PET scanners (CTI PET Systems) and
its feasibility in clinical applications. A cylindrical phantom (16 cm in diameter and length) filled
with a 'C solution for the HR and a 30 solution for the HR+ was scanned several times by varying
the radioactivity concentration with the list mode and frame mode acquisitions. The scans were also
carried out with a septa (2D mode) and without a septa (3D mode) in order to evaluate the effect of
the interplane septa on the quality of the list mode data. The acquired list mode data were sorted into
a sinogram and reconstructed using a filtered back-projection algorithm. The count rate perfor-
mance of the list mode data was comparable to that of the frame mode data. However, the list mode
acquisition could not be performed when the radioactivity concentration in the field-of-view was
high (exceeding 24 kBq/m/ for the 3D mode) due to a lack of sufficient transfer speed for sending
data from the memory to hard disk. In order to estimate the pixel noise in a reconstructed image,
ten replicated data sets were generated from one list mode data. The reconstructed images with the
3D mode had a signal-to-noise ratio that was more than 60% better than that of the image with the
2D mode. The file size of the generated list mode data was also evaluated. In the case of ECAT
EXACT HR+ with the 3D list mode, the list mode data with a generated file size of 2.31 Mbytes/
s were generated for 37 MBgq injections. Our results suggest that careful attention must be paid to
the protocol of the list mode data acquisition in order to obtain the highest performance of the PET
scanner.

Key words: PET, list mode, frame mode

INTRODUCTION

RECENTLY, list mode (event-by-event) data acquisition
with positron emission tomography (PET) has attracted
the attention of many investigators from different fields.
In the list mode acquisition, every detected event (both
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prompt and random) including the location of the line of
response in the tomograph is recorded. Although list
mode acquisition requires more computational power to
process data in comparison to conventional frame mode
acquisition, it has several advantages such as (1) higher
efficiency of data storage, (2) higher temporal resolution
and (3) higher flexibility of data manipulation (flexible
frame rebinning, flexible for iterative image reconstruc-
tion). Further, many clinical benefits can be expected
from the list mode acquisition, for example, real-time
motion correction'? and improvement of image quality.?
However, as compared to the conventional frame mode
acquisition, several considerations such as reliability and
compatibility must be taken into account before applying
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the list mode acquisition for daily clinical routines.
ECAT EXACT HR* and ECAT EXACT HR+? (CTV/
Siemens, Knoxville, TN, USA) are commercially avail-
able PET scanners, which are designed for high spatial
resolution, and are employed for research as well as
clinical purposes. The goal of this study is to evaluate the
performance of the list mode acquisition with ECAT
EXACT HR and HR+ scanners and investigate the feasi-
bility of the list mode acquisition in clinical applications.
We performed a series of scans of a phantom with the list
and frame modes. In order to evaluate the effect of
interplane septa on the quality of the list mode data, the
scans were carried out with a septa (2D mode) and without
a septa (3D mode). The performance of the list mode data
acquisition was evaluated with respect to count rate per-
formance, noise property, and generated file size.

MATERIALS AND METHODS

Scanner Description

Table 1 shows the system characteristics of the ECAT
EXACT HR scanner in comparison to those of the ECAT
EXACT HR+ scanner. Both the scanners have a retract-
able interplane septa and allow scanning in the 2D mode
(with septa) as well as the 3D mode (without septa). For
the list mode acquisition, the scanners have a memory of
32 Mbytes for the purpose of gate acquisition. The memory
is partitioned into two 16 Mbytes buffers that increment,
fill, and write to a hard disk alternately.

Phantom Experiments

We performed phantom experiments for the ECAT
EXACT HR scanner at the BF Research Institute (Suita,
Osaka, Japan) and ECAT EXACT HR+ scanner at the
Institute of Biomedical Research and Innovation (Kobe,
Hyogo, Japan). Cylindrical phantoms with a diameter and
height of 16 cm were employed for the experiments. A
radioactive solution was filled in the phantom and a series
of scans were performed with the 2D list, 3D list, 2D
frame and 3D frame modes (Table 2). For the EXACT HR
scanner, a ''C solution was used, and the duration of each
scan was 180 s. For the EXACT HR+ scanner, a 150
solution was used, and the duration of each scan was 30's.
The configurations were different because the experi-
ments were carried out in different institutes using their
respective isotopes.

Data Analvsis

The obtained list mode data were sorted into sinogram
data with a system default span and a maximum ring
difference for each scanner (Table 1). The image of each
scan was reconstructed using a filtered back-projection
technique with a 6-mm Gaussian filter. For the 3D data
set, FORE (Fourier rebinning)® was applied prior to the
reconstruction. The matrix sizes of the reconstructed
image were 128 x 128 x 47 for the ECAT EXACT HR
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Table 1 System characteristics of ECAT EXACT HR in
comparison with those of ECAT EXACT HR+ scanners

HR HR+

detector ring (slice) 24 (47) 32 (63)
crystals/ring 784 576
block detector design 8x7 8x8
crystal size (mm) 5.9%x29%x30 4.39x4.05x30
axial field-of-view (cm) 15.0 15.5
transaxial field-of-view (cm) 514 58.3
element number 336 288
number of angle 392 288
default span (2D) 11 15
default span (3D) 7 9
default maximum ring

difference (2D) 5 7
default maximum ring

difference (3D) 17 22

Table 2 Summary of the scans performed on the phantom

HR HR+

Radioactivity
concentration

Radioactivity
concentration

(kBg/ml) (kBg/m/)
2D list mode 85.9 135%
56.1 71.2
49.8 39.9
19.4 22.4
12.4 11.7
3D list mode 24.5% 32.7*
23.6 21.2
15.2 14.1
10.1 13.8
11.3
7.65
5.23
4.19
2D frame mode 38.8 121
36.6 61.0
8.05 30.9
15.6
11.1
3D frame mode 19.0 50.4
15.0 25.5
12.9
6.54
3.31

Radioactivity in the cylindrical phantom when a scan was
initiated is shown. * indicates that data are incomplete due to the
lack of transfer speed for sending data to the hard disk.

scanner and 128 x 128 x 63 for the ECAT EXACT HR+
scanner. The voxel sizes of the reconstructed image were
1.6 x 1.6 x 3.1 mm for the ECAT EXACT HR scanner and
1.6 x 1.6 x 2.4 mm for ECAT EXACT HR+ scanner.
Circular ROIs (regions-of-interest) with a diameter of
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Fig. 1 Comparison of the actual radioactivity concentration inside the phantom and estimated
radioactivity concentration from the reconstructed PET image for the ECAT EXACT HR scanner (a)
and ECAT EXACT HR+ scanner (b). The filled circles represent the data from the 2D list mode: filled
squares, 3D list mode: open circles, 2D frame mode: and open squares. 3D frame mode.

Fig. 2 An cxample of a generated mean image (/efr) and standard deviation (SD) image (right) from
10 replicated data sets generated from one list mode data.
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Fig. 3 Relationship between the radioactivity concentration (kBg/m/) and mean coefficient of variance
(COV) (%) of the pixel count in the reconstructed image for the ECAT EXACT HR scanner (a) and
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Table 3 Radioactivity concentration in the phantom. NECR
(noise equivalent count rate) and COV (coefficient of variance)
of the reconstructed image, and the generated list mode file size
for the ECAT EXACT HR scanner

Radioactivity Generated file size

concentration NECR (/s) COV (%) per second
(kBg/m/) (Mbytes/s)
2D list mode
859 9.210 x 10¢ 84.37 2.578
56.1 7.106 x 10* 97.32 1.443
49.8 6.423 x 10¢ 103.5 1.234
19.4 4,526 x 10* 155.7 0.6034
12.4 1.924 x 10* 191.0 0.2279
3D list mode
23.6 1.971 x 10° 94.57 3.675
15.2 1.465 x 10° 106.6 2.123
10.1 1.139 x 10° 122.8 1.304

16 cm were placed on the reconstructed image, and the
average radioactivity concentration (kBg/m/) in the phan-
tom was obtained for each scan.

The NECR (noise equivalent count rate) for each list
mode datum was calculated by taking into account the true
coincident count rate, random coincident count rate, and
scatter fraction in the list mode data.

In order to estimate the noise in a pixel of the recon-
structed PET image, 10 replicated data sets were gener-
ated from one list mode data. In order to achieve this, the
sorting software was modified to produce statistically
equivalent multiple sinogram data by splitting the list
mode data into pieces. The mean and standard deviation
(sd) images were computed from ten reconstructed im-
ages. The circular ROls were placed on both the mean and
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Table 4 Radioactivity concentration in the phantom, NECR
and COV of the reconstructed image, and the generated list
mode file size for the ECAT EXACT HR+ scanner

Radioactivity Generated file size

concentration NECR (/s) COV(%) per second
(kBg/m/) (Mbytes/s)
2D list mode
71.2 1.172 x 10° 60.61 4.881
399 8.341 x 10¢ 70.73 2.292
22.4 5.470 x 10* 86.79 1.124
11.7 3.371 x 104 1144 0.5012
3D list mode
21.2 2.934 x 10° 59.05 4.638
14.1 2.331 x 10° 67.00 2.779
13.8 1.911 x 10° 71.16 2.341
11.3 1.933 x 1 70.76 2.385
7.65 1.214 x 108 90.47 1.263
5.23 1.140 x 10° 93.62 1.131
4.19 7.689 x 10* 116.1 0.7026

sd images, and the averaged mean value (#7) and the
averaged sd value (§) were computed. The average COV
(coefficient of variance) for each scan was computed from
fand § by considering the physical decay of a radioiso-
tope as follows:

§ A
m T e <100

where A is the physical decay constant (s™') (0.00567 for
150 and 0.000567 for ''C), and T is the scan duration.

The generated file size of the list mode data per second,
S (Mbytes/s), was computed for each list mode scan by
considering the physical decay of a radioisotope as fol-
lows:

COV =

(N
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FA
$= 1 - exp(-AT)

where F (Mbytes) is the generated file size of the list mode
data.

@

RESULTS

Figure 1 (a and b) shows the comparison between the
actual radioactivity concentration inside the phantom and
the estimated radioactivity concentration from the recon-
structed PET image for the ECAT EXACT HR and ECAT
EXACT HR+ scanners, respectively. As shown in these
figures, there is a good agreement between the list mode
data and frame mode data. However, as mentioned in
Table 2, if the radioactivity in the field-of-view of the
scanner is large, the acquisition of the list mode data
would fail due to a lack of sufficient transfer speed for
sending data to the hard disk.

Figure 2 shows an example of the generated mean and
sd images from the list mode data set. Tables 3 and 4 list
the summarized resulis of the radioactivity concentration
in the phantom, NECR and COV in the image, and
generated file size of the list mode data for the ECAT
EXACT HR and ECAT EXACT HR+ scanners, respec-
tively. Figure 3 shows the relationship between the radio-
activity concentration in the phantom and COV in the
reconstructed image. As shown in this figure, the image
with the 3D acquisition mode has a signal-to-noise ratio
that is more than 60% better than that of the image with the
2D acquisition mode. Figure 4 shows the relationship
between the radioactivity in the phantom and generated
file size of the list mode data. We fitted a line of regression
between the radioactivity concentration (A (kBg/m/)) and
generated file size (S (Mbytes/s)), and the fitted results are
as follows:

S§=2.79 x 1072 x A for 2D list mode and ECAT EXACT HR
S=1.49 x 10~} x A for 3D list mode and ECAT EXACT HR
S =6.43 x 1072 x A for 2D list mode and ECAT EXACT HR+
$=2.01x 10" x A for 3D list mode and ECAT EXACT HR+

(3)

DISCUSSION

Although the list mode acquisition is not a new technique,
the techniques related to the list mode acquisition®7~
have recently become popular due to their advantage as
powerful computing systems. Besides the several favor-
able features of list mode data, additional consideration is
required if the list mode acquisition is to be routinely
carried out in clinical applications.

Tables 3 and 4 list useful information for scheduling a
PET scan with the list mode acquisition. For instance, the
injected activity for a patient must be carefully deter-
mined by considering 1) the upper limitation of radioac-
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tivity concentration, 2) noise in the image and 3) gener-
ated file size. The more photons are detected, the larger
list mode data are generated. Therefore, generated file size
is important from the practical point of view, such as
limited size of data storage, time consuming data pro-
cesses and data backup. According to Eq. (3). assuming
that the radioactivity concentration in the field-of-view
of the scanner is 10 kBg/m/, a study of 30 for 2 min
generates 24.3 Mbytes, 130 Mbytes, 56.0 Mbytes, and
175 Mbyites for the HR 2D list mode, HR 3D list mode,
HR+ 2D list mode, and HR+ 3D list mode, respectively.
In the case of a ''C study for one hour, 428 Mbytes, 2.29
Gbytes, 987 Mbytes, and 3.01 Gbytes of the list mode data
are generated for the HR 2D list mode, HR 3D list mode,
HR+ 2D list mode, and HR+ 3D list mode, respectively.
In the case of '3F study for one hour, 836 Mbytes, 4.46
Gbytes, 1.93 Gbytes and 6.02 Gbytes for HR 2D list
mode, HR 3D list mode, HR+ 2D list mode, HR+ 3D list
mode, respectively. The file size of the list mode data for
the ECAT EXACT HR+ scanner is larger than that for the
ECAT EXACT HR scanner and interestingly the file size
of the frame mode for ECAT EXACT HR scanner is
larger than that for ECAT EXACT HR+ scanner (sizes of
the single-frame sinogram data are 6.2 Mbyles, 23.1
Mbytes, 5.2 Mbytes and 19.8 Mbytes for the HR 2D frame
mode, HR 3D frame mode, HR+ 2D frame mode, and
HR+ 3D frame mode, respectively).

As shown in Figure 3, the pixel noise in the recon-
structed image can be estimated from the list mode data;
this is one of the advantages of list mode acquisition.
Using multiple frames with very short time duration, the
pixel noise can be obtained by the frame mode data.
However, it is not ideal duc to physical decay of the
radioisotope during data acquisition. The pixel noise
obtained from the list mode data is quantitatively compa-
rable among scanners. This figure suggests that the noise
property of the ECAT EXACT HR+ scanner is superior to
that of the ECAT EXACT HR scanner. This is due to the
ECAT EXACT HR+ scanner having a higher sensitivity
than ECAT EXACT HR scanner, although the two scan-
ners have different system configurations (Table 1). Fur-
ther, the comparison of the two scanners is complicated.

As shown in Figure 1, the count rate performance of the
frame mode and list mode are not surprisingly in good
agreement with each other. However, a difference might
be observed between the two data sets because of the
higher temporal resolution of the list mode data; this
enables the accurate correction of the dead-time of the
detector and physical decay of the radioisotope. We used
the ACS-Ii (an advanced computational system that is
dedicated to handle data from the PET scanner) for both
ECAT EXACT HR and HR+ scanners, and the maximum
speed of data transfer from the memory to hard disk
appears 1o be approximately 6 Mbytes/s. A read/write
controller on the ACS-11 with a memory of 32 Mbytes is
split into two buffers of approximately 16 Mbytes each.
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When the list mode data is being stored from buffer 1 to
the hard disk, data are simultaneously written to buffer 2.
Once buffer 2 is filled, data are then written to buffer 1, and
the data in buffer 2 are written to the hard disk. Since the
speed of our hard disk is 6 Mbytes/s and a single event of
the list mode data comprises 4 bytes, 1.5 M events/s can
be handled. On the other hand, it takes 2.6 s to clear the 16
Mbyte memory. Therefore, if the occurrence of events
exceeds 1.5 M events/s, the ACS-1I cannot handle all the
events.

For usual clinical PET studies, the existence of more
than 74 MBq of radioactivity (i.e. 23 kBg/m/ assuming
cylinder with 16 cm diameter) in the field-of-view is not
frequent. However, not only true events but also random
events are stored in the list mode data and the radioactivity
outside the field-of-view must also be considered. It
should be noted that since all the possible line of responses
are recorded in the list mode data, the number of prompt
and random events in the list mode data are greater than
those in the frame mode data.

Phantom experiments are often performed with NECR
plotted against activity concentration in order to deter-
mine the maximum performance of the scanner in terms
of image quality. The radioactivity concentrations of
about 80 kBg/m/ and 20 kBq/m/ give the highest NECR
in 2D mode and 3D mode for the ECAT EXACT HR
scanner, respectively.* These numbers are interestingly
close to the maximum radioactivity concentration for the
list mode acquisition in our experiments (see Table 2).
This suggests the image quality with the list mode can be
comparable with that with the frame mode.

In order to use the list mode acquisition at a clinical site,
it is also important that a PET scanner be capable of
promptly showing the reconstructed PET images. Before
reconstruction, a sorting process is necessary for the list
mode data, which results in a longer reconstruction time
than that for the conventional frame mode data (It takes
0.2 s per 1 M byte of the list mode data for sorting using
PC with Xeon CPU (2.4 GHz) and 1 G byte physical
memory). Because each event in the list mode data is
sequentially stored, it is easy to implement a parallel
sorting process. In order to accelerate data processing, the
sorting of the list mode data can be performed on a PC
cluster'Y which is currently available at a low cost.

The list mode acquisition has several advantages over
the conventional frame mode acquisition as mentioned in
the first section. However, two disadvantages of the list
mode acquisition addressed in this paper, namely, upper
limitation of radioactivity and large file size, obstruct the
applications of the list mode data on a daily basis. These
disadvantages will be overcome along with advances in
hardware and software.
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CONCLUSION

A series of phantom studies revealed the physical charac-
teristics of the list mode data acquisition with ECAT
EXACT HR and HR+ scanners. This study suggests
that careful attention must be paid to the protocol of the
list mode data acquisition in order to obtain the highest
performance of the PET scanner in clinical applications.

ACKNOWLEDGMENT

This study was financially supported by the Budget for Nuclear
Research of the Ministry of Education, Culture, Sports, Science
and Technology, based on the screening and counseling by the
Atomic Energy Commission.

REFERENCES

|. Bloomfield PM, Spinks TJ, Reed J, Schnorr L, Westrip AM,
Livieratos L, et al. The design and implementation of a
motion correction scheme for neurological PET. Phvs Med
Biol 2003; 48 (8): 959-978.

2. Woo SK, Watabe H, Choi Y, Kim KM, Park CC, Bloomfield
PM, et al. Sinogram-based motion correction of PET im-
ages using optical motion tracking system and list-mode
data acquisition. [EEE Trans Nucl Sc¢i 2004; 51 (3): 782—
788.

3. Nichols TE, Qi J, Asma E, Leahy RM. Spatiotemporal
reconstruction of list-mode PET data. /EEE Trans Med
Imaging 2002; 21 (4): 396-404.

4. Wienhard K, Dahlbom M, Eriksson L, Michel C, Bruckbauer
T, Pietrzyk U, et al. The ECAT EXACT HR: Performance
of a new high resolution positron scanner. J Comput Assist
Tomogr 1994; 18 (1): 110-118.

5. Brix G, Zaers J, Adam LE, Bellemann ME, Ostertag H,
Trojan H, et al. Performance evaluation of a whole-body
PET scanner using the NEMA protocol national electrical
manufacturers association. J Nucl Med 1997; 38 (10):
1614-1623.

6. Defrise M, Liu X. A fast rebinning algorithm for 3D posi-
tron emission tomography using Johns equation. Inverse
Problems 1999; 15: 1047-1065.

7. Huesman RH, Klein GJ, Moses WW, Qi J, Reutter BW,
Virador PR. List-mode maximum-likelihood reconstruc-
tion applied to positron emission mammography (PEM)
with irregular sampling. [EEE Trans Med Imaging 2000; 19
(5): 532-537.

8. Levkovitz R, Falikman D, Zibulevsky M, Ben-tal A,
Nemirovski A. The design and implementation of cosem,
an iterative algorithm for fully 3-D listmode data. JEEE
Trans Med Imaging 2001; 20 (7): 633-642.

9. Byrne C. Likelihood maximization for list-mode emission
tomographic image reconstruction. /IEEE Trans Med
Imaging 2001: 20 (10): 1084-1092.

10. Watabe H, Woo Sk, Kim KM, Kudomi N, lida H. Perfor-
mance improvement of event-based motion correction for
PET using a PC cluster. Conference Record of IEEE Trans
Nuclear Science and Medical Imaging Coeference, 2003.

Annals of Nuclear Medicine



ORIGINAL ARTICLE

Annals of Nuclear Medicine Vol. 20, No. 6, 409416, 2006

Use of a compact pixellated gamma camera for small animal
pinhole SPECT imaging
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Objectives: Pinhole SPECT which permits in vivo high resolution 3D imaging of physiological
functions in small animals facilitates objective assessment of pharmaceutical development and
regenerative therapy in pre-clinical trials. For handiness and mobility, the miniature size of the
SPECT system is useful. We developed a small animal SPECT system based on a compact high-
resolution gamma camera fitted to a pinhole collimator and an object-rotating unit. This study was
aimed at evaluating the basic performance of the detection system and the feasibility of small animal
SPECT imaging. Methods: The gamma camera consists of a 22 x 22 pixellated scintillator array
of 1.8 mm x 1.8 mm x 5 mm Nal(Tl) crystals with 0.2-mm gap between the crystals coupled to a
2" flat panel position-sensitive photomultiplier tube (Hamamatsu H8500) with 64 channels. The
active imaging region of the camera was 43.8 mm x 43.8 mm. Data acquisition is controlled by a
personal computer (Microsoft Windows) through the camera controller. Projection data over 360°
for SPECT images are obtained by synchronizing with the rotating unit. The knife-edge pinhole
collimators made of tungsten are attached on the camera and have 0.5-mm and 1.0-mm apertures.
The basic performance of the detection system was evaluated with *™Tc and 2Tl solutions. Energy
resolution, system spatial resolution and linearity of count rate were measured. Rat myocardial
perfusion SPECT scans were sequentially performed following intravenous injection of 20! TICL.
Projection data were reconstructed using a previously validated pinhole 3D-OSEM method.
Results: The energy resolution at 140 keV was 14.8% using a point source. The system spatial
resolutions were 2.8-mm FWHM and 2.5-mm FWHM for **Tc and 2*'T! line sources, respec-
tively, at 30-mm source distance (magnification factor of 1.3) using a 1.0-mm pinhole. The linearity
between the activity and count rate was good up to 10 keps. In a rat study, the left ventricular walls
were clearly visible in all scans. Conclusions: We developed a compact SPECT system using
compact gamma camera for small animals and evaluated basic physical performances. The present
system may be of use for quantitation of biological functions such as myocardial blood flow in small
animals.

Key words: SPECT, pinhole collimator, compact pixellated gamma camera, small animal
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SmaLL animaL PET (Positron Emission Tomography) or
SPECT (Single Photon Emission Computed Tomogra-
phy) which permits in vivo high resolution three-dimen-
sional (3D) imaging of physiological functions in small
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laboratory animals, facilitates objective assessment of

pharmaceutical development and regenerative therapy in
pre-clinical trials.’® Small animal PET has been widely
used due to high spatial resolution approaching 1 mm.”™”
SPECT can also offer high-resolution images by attach-
ing a pinhole collimator with a large magnification factor.
when the object is placed close to the pinhole.'""* Spatial
resolution is improved particularly when a small diameter
pinhole is employed.'+"”

However. a conventional pinhole SPECT has two ma-
jor limitations. One is its poor sensitivily as compared
with small animal PET. The sensitivity of pinhole SPECT
is in the order of 1/100-1/1.000 of that of small animal
PET, depending on the pinhole diameter. but can be
improved by positioning the pinhole collimator close to
the object. or by using multiple-detector systems or mul-
tiple-pinhole systems.'* 3171920 Apother limitation is
the non-uniformity of spatial resolution in the recon-
structed 3D images. In pinhole SPECT. the spatial resolu-
tion is axially blurred with increased distance from the
midplane. This non-uniformity of spatial resolution can
be improved by complete data acquisition as demon-
strated in our earlier study.'®

Besides high spatial resolution. the SPECT system
has several advantages over PET as its operation is
simple. and it does not require an on-site radiochemistry
laboratory or a cyclotron for producing radiopharma-
ceuticals. Pinhole SPECT systems are often composed
of clinically used SPECT cameras with pinhole col-
limator, 3010151820 However, the clinically used SPECT
cameras are inappropriate for small animal imaging.
largely due to a lack of manufacturing precision. Also
they are not readily accessible to most animal resecarch
laboratories.”

To overcome these drawbacks, several dedicated small
animal pinhole SPECT systems using compact high-
resolution gamma cameras have been already devel-
oped.?* ** They used 5" position-sensitive photomulti-
plier tube (PSPMT) which had the camera active image
region of around 100 mm x 1000 mm. In this study. we have
employed more a compact pixellated gamma camera with
active image region of 43.8 mm x 43.8 mm square
coupled to 2" PSPMT and have developed a compact
pinhole SPECT system dedicated to small animal imag-
ing. This study was aimed at evaluating the basic physical
performances and the feasibility of small animal imaging
in this compact SPECT system.

MATERIALS AND METHODS

Detection system description

The gamma camera consists of a 22 x 22 pixellated
scintillator array of 1.8 mm x 1.8 mm x 5 mm Nal(TI)
crystals with 0.2-mm white epoxy gap of diffuse. opaque
reflective material between the cryvstals (Fig. 1 (a)) opti-
cally coupled to a 2" flat PSPMT (Hamamatsu H8500)
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a b
Fig. 1 (a) Photograph of pixellated Nal scintillator array. (b)
Photograph of 2-inch fAuat panel position-sensitive photomulti-
plier tube.
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Fig. 2 Schematic diagram of position calculation circuit.

with 64 channel anodes (Fig. 1 (b)). The scintillator array
has a 0.5-mm aluminum window and 2-mm glass window
on gamma-ray input and light output sides, respectively.
The active imaging region of the camera was 43.8 mm x
43.8 mm square.

Figure 2 shows a schematic diagram of a position
calculation circuil. Analog outputs from 64 PSPMTs
through preamplifiers are weighted in proportion to coor-
dinates and are summed in X+. X-. Y+and Y- directions.
After applying gated integration and analog-to-digital
conversion for these encoded four analog outputs, the
position is obtained by calculating the center of the gravity
from the four signals. and is assigned to either pixel in 256
x 256 matrix as a raw image. Also an energy spectrum
with 32 channels is collected for each pixel. And then. by
address translation using look-up-table (LUT). the raw
image of 256 x 256 x 32 matrix is converted to 22 x 22 x
1 image matrix according to the number of scintillators
and energy window described below. The counts within
the region divided by 22 x 22-matrix grid are summed.
The positions of horizontal and vertical lines of the grid
are alterable by the interactive tool (Fig. 3) on a personal
computer (Windows 2000 (Microsoft)) (PC). Thus, all
events are assigned to a 1.8 mm x 1.8 mm crystal in the
image matrix. On the other hand. the energy window is set
as above and below channel widths from a photopeak
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channel searched in each pixel. We assume the use of two
radioisotopes of " T¢ and "' Tl. The main photopeaks
are 140 keV and 70 ke V for *"Tc and - Tl, respectively.
Here. the camera gain for “*'T] was set about twice as
much as that for ""Tc. The energy width with each
channel corresponds to approximately 10 keV and 5 keV
for “Tc and “"'T1, respectively. The energy window was
actually set at five channels, namely. approximately 36%
for both *™T¢ and “"'T1 and centered on the photopeak
channel searched. Finally. the converted 22 x 22-pixel
image is stored on memory and then is transferred to the
PC. The PC can perform several tasks such as correcting
uniformity, displaying and analyzing images. Figure 3
shows flood raw image by irradiating with a **"Tc point
source. Separation between pixels was well performed
except for pixels in columns and rows at the edge. The
effective image field-of-view (FOV) that does not enclose
the edge pixels was 20 x 20 pixels (or 39.8 mm x 39.8
mm). The resulting image is used as correction matrix 1o
correct for non-uniformity in sensitivity over camera’s
FOV.

ey

Fig. 3 Interactive tool on PC for making address translation
table. The flood raw image was obtained by irradiating with a
2mTe point source. The separation between pixels was well
performed.

a

Pinhoie Collimator

Collimator design

As shown in Figures 4 (a) and (b). the pinhole collimator
made of tungsten is attached on the gamma camera and
has a 0.5-mm or 1.0-mm aperture. 60° opening angle and
39.57-mm focal length. The collimator has a flat face of
the single knife-edge pinhole. in order to achieve higher
sensitivity and spatial resolution (larger magnification
factor) by positioning the pinhole closer to the object. The
camera is shielded by tungsten 10 avoid the penetration of
the photon from the surrounding area.

Projection image acquired with the pinhole collimator
has non-uniform sensitivity distribution due to the pin-
hole geometry.>*>* This non-uniformity can be corrected
by using a correction matrix derived from a flood source
contained in a thin plate. Figure 4 (¢) shows a projection
image obtained from the flood source. The correction
matrix from this projection image, which has high counts
around the center and low counts at the periphery. was
actually used to correct the non-uniformity of pinhole
sensitivity.

SPECT FOV. namely. the diameter of reconstruction
sphere is expressed as:

FOV = 2b sin (%j ()

where b is the distance from the pinhole to the rotation
center of the object (radius of rotation: ROR), « is the
opening angle of the pinhole collimator. However. when
the diameter of the effective image region ol camera ¢, is
shorter than the diameter of the collimator base ¢. SPECT
FOV. (effective FOV) is expressed as:

FOV, = :—j'f‘()\‘. 2)
In this collimator ¢.of 39.8 mm is shorter than ¢ of 45.69

mm. Therefore, when b is 30 mm. FOV, becomes 26.1
mm.

438

Tungsten shield

b ¢

Fig. 4 (a) Photograph of the pinhole collimator attached to the compact gamma camera. (b) Drawing
of side view of the pinhole collimator. (¢) Sensitivity map of pinhole collimator. This map was obtained
from a flood source filled in a thin plate parallel to the detector and was used to correct non-uniformity

of pinhole sensitivity.
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SPECT imaging svsiem

Figure 5 shows the pinhole SPECT acquisition system
using a compact gamma camera. Data acquisition is
controlled by the PC through the camera controller. The
rotation of the object stage is synchronized to step and
shoot acquisition of the SPECT camera.

Windows PC .7 P
[ e S il ]

Camera L'rmiru'ur

Fig. 5
camma camera. This system consists of compact gamima cameri
with pinhole collimator. camera controller, PC. object rotating
stage and stage controller.

Pinhole SPECT acquisition system using compact
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Busic svstem performances

The performances of the detection system such as the
energy resolution, system spatial resolution, sensitivity
and lincarity of the count rate were examined with "™ Tc
(140 keV) and "' T1 (70 ke V) sources,

(1) Energy resolution:  Encrgy resolution was meas-
ured by uniform irradiation with a 2.18 MBq "™ Tc point
source placed at 2 m distant from the camera without the
collimator for 12 hours and is defined for cach crystal’s
energy spectrum as full width at half maximum (FWHM)
of the photopeak divided by its amplitude. The energy
resolution was obtained from an energy spectrum for one
crystal near the center of the camera.

(2) System spatial resolution: The FWHMs of the line
spread functions (LSFs) were measured in planar image
using “"T¢ and *°"TI line sources with 1.14-mm inner
diameter placed at 30 mm distant from the I-mm pinhole.
The magnification factor was 1.32. The LSFs of line
sources were computed by deconvoluting with rectangu-
lar function of 1.14-mm width. The spatial resolutions
were defined as the FWHM of Gaussian function obtained
from this deconvolution.
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Fig. 6 (a) Encrgy spectrum obtained from this detection system. The energy resolution was 14.8%
£ EV ) 2}
FWHM at 140 keV. (b) Planar image profile of 1.14-mm *"Tc line source. The system spatial resolution

>

obtained from the LSF was 2.8-mm FWHM. (¢) On-axis sensitivities for ™™Tc or *"'T1 as a function of
distance from the pinhole for 0.5-mm or 1.0-mm diameters. (d) Relationship between the source activity
and the count rate measured by following decay of ™" Tc source.
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Fig. 7 SPECT images of uniform cylindrical phantom. (a)—(c)
are without pinhole sensitivity correction. (d)—(f) are with the
correction. (a) and (d) are transverse images. (b) and (e) are

coronal images. (c) and (f) are sagittal images. The profiles in the
vand vy directions were attached to the trunsverse images of (a)
and (d).

(3) Sensitivity: The system sensitivity on the central
axis was measured using a small cylindrical phantom of
0.1 m/ at eight points in the range from 20 to 80-mm
distances with 0.5- or 1.0-mm pinholes and *™T¢ or **'T1
sources.

(4) Linearity of count rate: The counts per 10 min were
sequentially measured by following decay of the """ Tc
source. The cylindrical phantom made of glass with 24.3-
mm outer diameter and 21.8-mm inner diameter was filled
with uniform *"™T¢ solution. The center of the phantom
was positioned at 30 mm distant from the I-mm pinhole.
Consequently, the relationship between activity and de-
tected counts was examined.

Flood phantom SPECT study

A flood phantom SPECT study was performed to evaluate
the uniformity of the reconstruction images. The phantom
used in this study was the same one as the cylindrical
phantom used to evaluate the linearity of count rate, and
was filled with uniform """Tc¢ solution. The pinhole
collimator with [-mm diameter was used. The ROR was
30 mm. This resulted in a magnification factor of 1.32.
Projection data of 120 views were acquired over 360°
using step and shoot acquisition; 10 sec/step, 3° incre-
ments. Decay correction and the above-mentioned pin-
hole sensitivity correction were applied for projection
data before reconstruction. The projection data were
reconstructed using our previously validated pinhole 3D-
OSEM method employing a 3D voxel-driven projector in
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Fig.8 Short- and long-axial images of rat myocardial perfusion
obtained by sequential SPECT scans. The left ventricular walls
and cavities were clearly visible in all of four frames obtained for
40 min.

both back- and forward-projections with eight subsets and
two iterations. The corrections for attenuation, scatter and
penetration were not done.

Animal SPECT study

Rat myocardial perfusion SPECT scans were sequentially
performed. A male rat weighing 220 ¢ was anesthetized
with sodium pentobarbital and held vertically on the
object rotating stage. and then was scanned after intrave-
nous 2-min administration of 6.21 MBg/1.5 m/ *"'TICI
into the tail vein. The pinhole of I mm was used. The ROR
was 30 mm. Scans for 10 min were sequentially per-
formed four times using 360° step and shoot acquisition;
5 sec/step. 3° increments. Like the flood phantom study.
projection data were reconstructed using our pinhole 3D-
OSEM method with eight subsets and two ilerations.
Corrections for attenuation, scatter. penetration and pin-
hole sensitivity were not performed.

RESULTS

Basic system performances

(1) Energy resolution:  Figure 6 (a) shows a sample
energy spectrum {rom one crystal near the center of the
detector block. The energy resolution was 20.8-keV
(14.8%) FWHM at 140 ke V.

(2) System spatial resolution: Figure 6 (b) shows a
planar image profile of the *""Tc¢ line source. The spatial
resolutions were 2.8-mm FWHM and 2.5-mm FWHM for
PmTe and V1T, respectively.

(3) Sensitivity: Figure 6 (¢) shows system sensitivity
on the central axis as a function of distance from the
pinhole for """ T¢ with 0.5- and 1.0-mm pinholes and for
20IT] with 1.0-mm pinhole. The sensitivity of *"'T1 was
slightly smaller than that of """ Tc. In the case of ""Te, the
sensitivities at a pinhole-source distance of 30 mm were
27.0 and 53.0 cps/MBq with 0.5-mm and 1.0-mm pin-
holes, respectively. In the case of ?"'TI, the sensitivity at
the same distance was 49.1 cps/MBq with the 1.0-mm
pinhole.

Original Article 413



