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System design and development of a pinhole SPECT system
for quantitative functional imaging of small animals
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Recently, small animal imaging by pinhole SPECT has been widely investigated by several
researchers. We developed a pinhole SPECT system speciully designed for small animal imaging.
The system consists of a rotation unit for a small animal and a SPECT camera attached with a pinhole
collimator. In order to acquire complete data of the projections, the system has two orbits with angles
of 90° and 45” with respect to the object. In this system, the position of the SPECT camera is kept
fixed, and the animal is rotated in order to avoid misalignment of the center of rotation (COR). We
implemented a three dimensional OSEM algorithm for the reconstruction of data acquired by the
system from both the orbitals. A point source experiment revealed no significant COR misalignment
using the proposed system. Experiments with a line phantom clearly indicated that our system
succeeded in minimizing the misalignment of the COR. We performed a study with a rat and *™Tc-
HMDP, an agent for bone scan, and demonstrated a dramatic improvement in the spatial resolution
and uniformity achieved by our system in comparison with the conventional Feldkamp algorithm

with one set of orbital data.

Key words: pinhole SPECT, complete data acquisition, small animal imaging

INTRODUCTION

Invivo MAGING of physiological functions (e.g., the tissue
blood flow and receptor binding potentials) in small
laboratory animals facilitates the objective assessment of
pharmaceutical development and regenerative therapy in
pre-clinical trials. Micro positron emission tomography
(PET) has been extensively emphasized for achieving
high spatial resolution in the imaging of small animals,
which approaches 1.0 mm.}"* An alternative methodol-
ogy for small animal imaging is micro single photon
emission computed tomography (micro SPECT) in which
a camera is fitted with a pinhole collimator.* ¥ Pinhole
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SPECT has low sensitivity as compared with small animal
PET; however, depending on the size of the pinhole, the
spatial resolution achieved by pinhole SPECT can exceed
that of PET. Unlike PET systems, the pinhole SPECT sys-
tem does not require a cyclotron for producing radiophar-
maceuticals, and it has an excellent cost/performance
ratio. Moreover, the half life of radiopharmaceuticals
used for pinhole SPECT is relatively longer than that
used for PET, which is beneficial in investigating slow
pharmacokinetics.

In addition to the lower sensitivity of pinhole SPECT,
the exislence of image distortion in the axial direction and
non-uniform spatial resolution in the reconsiructed image
for the pinhole SPECT are also areas of concern. Oue ex-
planation for this non-uniformity is due to incompleteness
of data and use of Feldkamp filtered backprojection (FBP)
algorithm as an approximate 3D FBP.? This non-unifomity
can be suppressed by applying statistical reconstruction
algorithms such as maximum likelihood expectation max-
imization MLEM)Y' ! or ordered subsets expectation maxi-
mization (OSEM),!* but in the periphering of FOV. the
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image is blurred.>"* This non-uniformity of the image
resolution often hampers further quantitative analysis.
Tuy showed that in order o obtuin a sirict three-dimen-
sional (3D) tomogram in cone-beam CT, the following
geometric condition should be fulfifled: “all the planes
that cross an object cross the axis of the X-ray source.”™ 13
Tuy’s condition can be adapted to pinhole SPECT. The
conventional pinthole SPECT with one circular orbit does
not fulfill this condition. Kudo and Saito suggested ex-

amples ol orbits that can satisfy Tuy’s condition: use of

two circular orbits, a spiral orbit. or a single circular orbit
in conjunction with a straight line.'® ' By satisfying
Tuy's condition, Zeniya et al. demonsirated an improve-
ment in the uniformity of the spatial resolution of pinhole
SPECT by using two circular orbits with angles of 90* and
45 with respect to the object." However. they did not
present details of a system configuration including hard-
ware and sofltware. In this paper. we focused on the
derailed descriptions of system (hardware as well as
software) which is able to properly acquire data from two
circular orbits.

MATERIALS AND METHODS

System configuration

The misalignment of the center of rotation (COR) could
be more critical for data acquisition with two orbits as
compared with a single orbital system. Therefore. in the
proposed system, the detector and collimator were fixed,
and the small animal was rotated. The outline of the
system and the data Howchart are shown in Figure 1. This
system consists of a rotation unit (RU), rotation unit
control board (RU controller). pinhole collimator. and
SPECT camera.

Rotation unit (RU)
A small animal was rotated on the RU (Fig. 2), which
consisted of a base-board and a rotating stage. The rotat-
ing stage was driven by a stepping motor (SGSP-120YAW-
0z, Sigma Compuny. Tokyo. Japan) with a COR accuracy
of 20 um. As shown in Figure 2, the small animal can be
fixed in the direction of either 90° or 45°. The axes of the
Lwo directions intersect each other. and the distances
between the intersection point and each base are equal (71
= T2). In order to perform duta acquisition with two
circular orbits, the intersection point must coincide with
the COR of the pinhole detector, Le., the line perpendicu-
lar 10 the detector center should eross the intersection
point, as shown in Figure 2. An adjustment implement
(Fig. 3) was utilized to achieve this. The implement was
designed to position a radioactive point source at the
COR. Then, the COR was adjusted by acquiring data with
the point source for various angle directions.

The rat holder was prepared such that the femoral parts
and tail of the rat would lie out of the holder (Fig. 4). Tt was
fabricated from 0.5 nun-thick vinyl chloride.
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A B

Controlpad O

Rotation urit A

RU controlier B signal to start

SPECT camera c
signal to trigger data acquisition | and ;‘nhde colimator I

Fig. 1 Upper: Overview of the proposed pinhole SPECT system
for small animals. Lower. Schematic diagram of the system. (A)
rotation unit (RU). (B) RU conwoller. (C) SPECT camera and
pinhole collimator, and (D) control pad.

90 degrees

45 degrees

Fig. 2 Cross section of the rotation unit (A) and schematic views
of the 90° orbit (B) and 45° orbit (C).

RU controller

In order to control the RU, a gencral-purpose conwoller
(Mark202, Sigma Company, Tokyo, Japan) was em-
ployed. The RU controller could control the starting point
of the stepping motor, rotation direction, step angle, and
speed of rotation using a control pad. The minimum
amount of movements per pulse was 0.01° and the maxi-
mum speed of movement was 100°%/s.

Pinhole collimator

The pinhole collimator (NDCIL.709A. Toshiba, Tokyo,
Japan) used had a tungsten knife-edge head. which was
replaceable. The avuilable hole sizes were 0.25 mm. .3
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mm. | mm, 2 mm, and 4.8 mm. The pinhole had an open
angle of 60°, and the distance between the pinhole center
and the detector surface was 251 mm. The diameter of the
bottom of the collimator was 288 mm.

SPECT camera

A clinically used SPECT camera (GCA-7100A, Toshiba,
Tokyo, Japan) with one detector was used. As shown in
Figure 1, the camera stayed in one position during data
acquisition. The acquired projection data had a matrix of
size 128 x 128, and the pixel size 4.3 x 4.3 mm?*,

In order to enable data acquisition with the proposed
system. the software installed in GCA-7100A was modified
to receive a signal from the RU controller, A signal was
sent to the RU to begin rotation with a particular stepping
angle. After that rotation, a trigger signal was sent to
GCA-7100A to acquire the projection data (See Fig. 1).
The above process was repeated until the RU completed
360° votation.

Imuge reconsnuction

We developed a 3D OSEM algorithm for reconstructing
the projection data-set acquired with two different circu-
lar orbits. ' Figure 5 describes the coordinates for the 3D
reconstruction with the proposed pinhole SPECT system
based on two circular orbits. which are defined as (x, v, 2),
X',y 2", and (1", v", 2"). The radioactivity concentration
of the object is expressed within a fixed (x, y. ~) system as
Jla, vy, ). The second coordinate system (x', ', 2') repre-
sents the tilt of the (v, y, z) system about the y axis with an
obligue angle of ¢. The third coordinate system (v, ¥", 2")
is a rotational coordinate systern where (v, ', 2') rotates
around the £ axis with an angle 6. The dlt of (1, y, 2) by the
angle ¢ produces the following transformations:

Al X cos ¢ 0 sing
yYi=Riely|.Ri=1 0 1 O (1)

o z ~sin¢ 0 cos ¢

Similar to Eq. (1), which represents the transformation
between the (x. y, 2) and (', ¥', £) coordinates, the
following equation expresses that between the (x, v, 2} and

(x", v", ") coordinates:

1 RY \ cos § -sin @0
Y =Ry | =RRy | vy |,Ra={sin 8 cosO 0
7' ¥ : 0o 0 1,

In case of ¢ = 0, the geometry of the system equals that of
conventional pinhole SPECT with one circular orbit 202!
Therefore, for reconstruction with an oblique orbit, a
procedure similar to conventional pinhole SPFCT can be
applied using Eq. 2. The source voxel (x], y{, z{') is
projected toward the detector thorough the pinhole coHi-
mation of the oblique circular orbit, as shown in Figure 6.
We denote the detector plane and a plane parallel to it that
includes the source voxel as Plane 1 and Plane 2. respec-
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Fig. 3 Adjustment implement to position the point source at the
COR of both orbits.
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Fig. 4 Ratholder tabricated from 0.5 mm-thick vinyl chloride.

tively. The source point (1, 12) = (x{. z;) on Plane 2 is the
projected point {d,, d-) on Plane 1. This relationship can be
expressed as

d, = _t.\'ﬁ/a (3)
d-=-tfifa

where f; is the distance between the pinhole and the
detector plane (focal length) and a is the distance between
the pinhole and the plane parallel to the detector plane that
includes the source point. The distance @ can be expressed
as

a=(h,~x{)sin 8+ (1, -~ v{) cos 8 (4)
where (hy, hy, h-) = (7 sin 0. r cos 0, 0) is the pinhole
position translated by the rotation §on the oblique circular
orbit with radius of rotation . We employed (the MLEM10-1!

reconstruction algorithm for this pinhole geometry. The
MLEM update for a two-orbit system can be expressed as

Techuical Notes 247

—-122 -



£

/‘j ! Vi

m

k+1
)\.I- =

fE
MI\)

1

=1 i=1 ak
Cly Ef'h/ /',
j=1

¥

fl

)

where, as shown in Figure 5, A is the value of the image
voxel j for the &-th iteration. yy is the measured value of the
projection pixel i for the /-th orbit, and ¢y, is the probability
of detecting a photon originating from image voxel j at
projection pixel 7 for the /-th orbit.

Here, we used an OS scheme!? to reduce the number of
iterations. Subsets were evenly divided {rom both orbits
for the OS scheme. A 3D voxel-driven projector using
bilinear interpolation on the detector plane was employed
in both forward- and back-projections. While back-pro-
jecting, the projection data from different orbits were
transformed into the same coordinate and combined in the
reconstructed 3D matrix space. The software was imple-
mented on a 2.4-GHz PC with Xeon CPU and 1 GB of
physical memory, running on a Linux operating system
(version 2.4.18).

li

b}

i

Experiment with a point source
In order to validate whether the projection data from two
orbits were correctly acquired, we performed an experi-
ment using a radioactive point source. A point source of
about 1.4 mCi/m/ of ¥ TcQy4~ was positioned at the COR
using the adjustment implement (Fig. 3). A pinhole insert
with a diameter of 4.8 mm was employed, and the distance
between the pinhole center and point source was 39.5 mm.
Projection data were acquired for 120 angular views in
steps of 3°. The acquisition time for each step was 15 s.
Three images were reconstructed from the projection data
with the 90° orbit, 45° orbit, and both the orbits using the
3D OSEM algorithm (2 iterations and 8 subsets). The
mafix size of the image was 128 x 128 x 128 and the voxel
size wus 0.76 x .76 x 0.76 mm? (zooming factor of 6.35).
Since the point source was positioned at the center of
both the 90° and 45° orbits, its positions in the three
images should be identical. The 3D position of the point
source in each image was estimated by calculating the
image center of gravity, and the estimated positions in the
three images were compared.

Experiment with a line source

As described above, the misalignment of the COR could
be problematic especially for two orbit data acquisition.
Thus, in our system, the camera was kept fixed while the
target object was rotated. For evaluating the misalignment
of the COR for our system as well as the conventional
system, experiments were performed using a line source
phantom with an inner diameter of 1.14 mm. The phantom
was filled with about 4.0 mCi of *™TcO,~ solution. The
phantorn was carefully placed at the center in one projec-
tion view. First, the pinhole detector was rotated around
the phantom with a rotation radius of 9 mm. Next, the
phantom was rotated on the rotating stage. Inn both cases.
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Dretcclor plane

Axis of
rotation

Forward-projection

< Back-projection
(Orbit in
conventional
pinholc SPECT)

Orhit 2
(Oblique orbit)

Fig.§ Coordinate system of obligue circulur orbits in pinhole
SPECT with two circular orbits.

Plane 1 .
(Deicctor planc)

Object’s axis
|

Axis ofm%
AN

Obliguc orbit
s

Projecied point

Fig. 6 Pinhole geometry for obligue orbit in pinhole SPECT
with two circular orbits.

a pinhole with a diameter of | mm was used. and data were
acquired from 120 angular views (3°/view). The data by
both systems were reconstructed using the 3D OSEM
algorithm.

Animal experiment

In order to demonstrate the reconstructed image by our
syslem, a study was performed with a rat (SD rag; body
weight: 150 g) and **"Tc-HMDP. an agent for bone
scanning. 7" Te-HMDP was also accumulated in the
bladder of the rat. Therefore, to eliminate the effect of
radivactivity in the bladder. both kidneys of the rat were
removed betore W Te-HMDP (185 MBg/mi) was intra-
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Table 1  Results of the experiment with a point source.
Estimaied position of the point source in the image

A (mm) ¥ (mm) - (mm)
90° orbit 0.0505 0.0511 0.0137
45° orbit - 0.0464 0.0426 0.0290
both orbits 0.0643 0.0504 0.0165

Fig. 7 Results of the experiments with the line source phantom,
(a) Sinogram data measured by the conventional system (rotat-
ing the camera), (¢) image reconstructed by the conventional
systeni, (b) sinogram data measured by the proposed system
(rotating the object), and (d) image reconstructed by the pro-
posed system.

venously injected. The rat was set on the rotation unit of
90° orbit and data acquisition using the proposed system
was begun 1 h after the injection. The rotation radius was
85 mm, and data were acquired from 120 angular views
(3°/view) for 40 min. Subsequently, the rut was set on the
rotation unit of the 45° orbit and data were acquired for
40 min. The energy window was 140 keV = 10%. The
diameter of the pinhole insert was | mm. The acquired
data were sent to the PC for reconstruction using the 3D
OSEM ulgorithm with two iterations and eight subsets.
For comparison, the conventional filtered backprojection
aigorithm (the Feldkamp FBP algorithm)® was employed
o reconstruct the image using the data acquired from the
90° orbit. No correction for attenuation of photons or
scattered rays was made in any of the processes.

RESULTS

Experiment with a point source

Table 1 lists the estimated positions of the point source in
the three reconstructed images. These three point-source
positions were almost al the center (the distance from the
center was 0.083 mim at maximum) and were close in
value. This indicates a sufficient accuracy of intersection
of the two axes and the pinhole center.

Vol. 20, No. 3, 2006

,

One orbit - Feldkamp FBP algorithm

(a) Anterior view (b) Lateral view

Two orbits - 3D OSEM algorithm

{c) Anterior view (d) Lateral view

Fig. 8 Representative images of rat bone scintigrams by 2™ Te-
HMDP. The imuges of (1) and (b) were reconstructed using the
Feldkamp FBP algorithm with data from the 90° orbit. The
tmages of (¢) and (d) were reconstructed using the 3D OSEM
with two orbital duta. All imuges were generated by the maxi-
mum intensity projection (MIP) method.

Experiment with a line source

Figure 7 shows the results of the experiments with a line
source phantom, Misalignment of the COR was clearly
observed when the camera was rotated. This results in an
artifact on the reconstructed image (Fig. 7 (¢)). On the
other hand, no obvious artifact was observed when our
system was used.

Animal experiment

Figure 8 shows the maximum intensity projection (MIP)
images of the rat with """ Tc-HMDP obtained using the
Feldkamp FBP algorithm with one set of orbital data and
the 3D OSEM with two orbital data. The artifact of the
image was significantly reduced, and a thin rib was clearly
observed when data from two orbitals were used.

DISCUSSION

In this paper, we present the pinhole SPECT system for
imaging small animals using data from two orbits. In the
proposed system, the position of the detector is kept fixed
while the target object is rotated.”” As compared with the
conventional system with one orbit, our system requires a
more accurate adjusiment of the COR. The experiments
with the point and line sources indicated that our system
achieved sufficient accuracy in adjusting the COR of the
two orbits. This result was apparent in the bone scan with
a ral. Image distortion and axial blurring observed in the
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one orbital system were greatly improved in the proposed
system with two orbits.

Meitzler et al. proposed the use of a helical scan system
in order to acquire complete data by pinhole SPECT.? In
the helical scan, sensitivity may be hampered when the
pinhole moves across the target object. On the other hand.,
the sensitivity of our system is not affected since the
object is positioned at the center of the field-of-view.

The system proposed in this paper is still in the proto-
type stage, and in order to acquire data from two orbits, the
object must be moved from one orbit to the other. We plan
to build 4 system with multiple pinhole detectors in order
1o increase the sensitivity.

Our final goal is to develop a system that achicves
quantitaiive functional imaging of small animals. Al-
though the image quality achicved by the proposed sys-
tem has dramatically improved, several issues have yet to
be considered for quantification. Penetrated photons at the
collimator and photons scattered from the object as well
as the collimator will degrade the image quality and
quantity. ™ Tt is also important to consider the sensitivity
compensation of the pinhole collimator when recon-
structing an image.” In order 1o achieve a quantitative
functional image using the proposed system, these issues
should be rectified in the futare.

CONCLUSION

We developed a pinhole SPECT system for the imaging of
small unimals. The proposed system consists of two axes
so that complete data are acquired. Tmage uniformity was
dramatically improved by our system. This system will
provide accurate quantitative information on the biologi-
cal functions of small animals.
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Comparison of multi-ray and point-spread function based
resolution recovery methods in pinhole SPECT reconstruction
Antti Sohlberg®®, Hiroshi Watabe®, Tsutomu Zeniya® and Hidehiro lida®

Background and objectives Statistical reconstruction
methods allow resolution recovery in tomographic )
reconstruction, Even though resciution recovery has the
potentisl to improve overall image quality, pinhole SPECT
Images are still often reconsiructed using simplified
models of the acquisition geometlry in order to reduce
reconstruction time. This paper Investigates the benefits
of two resolution recovery methods, multi-ray and
polnt-spread function based, in pinhole SPECT by com-
paring them to uncorrected reconstruction.

&fethods Resolution recovery was Incorporated into
ordered subsets expeciation maximization reconstruction
algorithm, The first of the correction methods used a
simple but very fast multiple projection ray approach,
whereas the second, much slower, methed modelled the
acquisitien geometry more accurately using the analytical
point-spread function of the pinhole collimator. Line
source, Jaszezak and contrast phantorn studies were
performed and used for comparison.

Results Resolution recovery improved resolution, contrast
and visual quality of the images when compared to

introduction

The use of pinhole singlc photon e¢mission computed
tomography (SPECT) in clinical practice has been
limited to small and superficial targets such as the
thvroid {1} and joints [2] duc to the reduced ficld of
view, Recently, there has been renewed incerest in
pinhole SPECT, because it cnables small animal imaging,
where a small field of view is not a serious problem [3~71.
The attractiveness of small animal pinhole SPECT arises
from the fact that it can be performed without any
dedicated hardware using only a conventional gamma
camera, whereas small animal PET, for example, requires
an imaging device suitable only for laboratory animals [8].

The quality of SPECT is degraded by three main faceors:
attenuation, scatter and collimator blurring of which
attenuation and scatter arc less pronounced in small
animal pinhole SPECT [9]. The collimator blurring
ceduces spatial resolution and forees the use of small
diameter pinhole apertures at the cost of severcly
reduced sensirivity, which is the most important draw-
back of small animal pinhole SPECT. The sensitivity of
pinhole SPECT can be increased by using multi-pinhole

0143-3636 © 2006 Lippincott Williams & Wilking

reconstructions without it The method based on the
point-spread function performed slightly better, but was
almost 50 times slower than the much simpler multi-ray
approach.

Conclusion The multiple projection ray approach is a
promising methed for very fast and easy resoiution
recovery in pinhole SPECT. It has a profound effect
on image quality and can markedly improve the
resolution~sensitivity trade-off. Nucl Med Commun
27:823-827 © 2006 Lippincoft Willlams & Wilkins.
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collimators [10], but this requircs medifications to the
standard clinical imaging cquipment and is not widely
applicd. One solution to the poor sensitivity problem
might be the use of statistical reconstruction methods
such as the maximum likelihood cxpectation maximiza-
tion (ML-EM) [11] or the ordered subsets expectation
maximization (OS-EM) algorithms [12]. ML-EM and
OS-EM can partly recover the loss in resolution caused by
collimator blurring by incorporating a model of the
acquisition geometry into the algorithm and might
therefore allow the use of larger diameter pinhole
apertures. Recovery of resolution has been shown to
improve the quality of conventional SPECT imaging
[13,14], but is not yet commonly uscd in small animal
pinhole SPECT.

The biggest problem in incorporating resolution recovery
in pinhole SPECT reconstruction is the large increase in
computational burden. The calculation of point-spread
function (PSF) look-up tables can take hours and might
require scveral gigabytes of storage space. The fast
resolution recovery methods such as the slice-to-slice
blurring [15] often used in parallel-beam SPECT are not
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very straightforward to extend for pinhole SPECT either
due to converging nature of pinhole collimation. To
overcome computational problems a reladively simple
resolution recovery method for pinhole SPECT was
recently presented [16]). This method is based on the
use of multi-ray projections, where 7 or 21 projection rays,
which intersect the pinhole aperture in a predetermined
pattern, are used instead of a single ray going through the
pinhole centre. The aim of this work is to compare the
multi-ray projection approach to a method with a more
accurate model of the acquisition geometny.

Materials and methods
implementation of the algorithms
The MI-EM algorithie, can be presented as

o4 o
gy < _0) 7 ()
#1(6) %) ;ﬁ(b,d) /;p(l/,r/)if‘(b') (1)

where /(9) is the number of counts emitted from image
voxel 4, 4 is the number of jteration, p(b4) is the
probability that the emission in voxel 4 is detected in
detector bin o/, and #°(d) is the measured projection count
in detector bin o, The ML-EM algorichm updates the
current image estimate using forward projection,

Do, i@,
I 4

and back-projection,

#{d)
&. / ——TTTTTT
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opcrations. in this study three different reconstruction
algorithms based on ML-EM and accelerated using che
ordered subsets approach were implemented. "The first
method (OS-EM,oun) used a simple ray-driven forward
projector/voxel-driven back-projector pair assuming zero
pinhole diameter. "The second algorithm (OS-EM,ypg)

Flg. 1

was implemented using ray-driven forward projection
with seven projection rays and voxel-driven back-projec-
tor with a single ray. The seven projection rays
intersected the pinhole aperture in a hexagonal pattern
modelling the effect of the finite pinhole aperture
diamcter by inverse cone of rays [16]. The third method
(OS-EM.mp) incorporated analytical pinhole collimator
point-spread functions into the reconstruction algorichm.
‘T'he PSFs were caleulated according to Metzler ez /. [17]
and stored into hard disk prior to reconstruction in
contrast to approach used by the first and second method
where the forwvard projeciion and back-projection were
calculated on-the-fly during the reconstruction,

Phantom studies

The phantom studies were performed using a Toshiba
GCA-7200A (Toshiba, Japan) gamma camera equipped with
a 250 mm focal length pinhole collimator (0.3, 1.0 and
20mm pinhole aperiures specially fabricated for small
animal studies}. Three phantoms were imaged. The line
source phantom consisted of a line source holder and single
line source filled with 5 MBq of ™ Tc and placed accurately
on the axis of rotation. The resolution was measured as full
width at half maximum of horizontal profile taken at the
central slice of che phantom. The Jaszczak phantom had
four secrors with 1.0, 1.5, 2.0 and 2.5 mm diameter rods
scparated by a distance twice the rod diameter (Fig. 1). The
Jaszezak phantom was filled with 32 MBg of P and used
1o assess the image quality visually. The conerast phantom
consisted of eight rods (2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0 and
9.0mm diamerer) and a large background compariment
(Fig. 1). The rods were filled with an approximately five
times higher concentration of ™It than the background.
The total activity in the phantom was 780MBg. The
contrast for cach rod was calculated as

o — g

¢ =
Im-{-lbg

(2)
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One slice of the Jaszczak phantom {on the feft) and contrast phantom {on the right). The phantoms had outer diameter and height of 50 mm. The

diameters of the rods are marked on the phantoms.
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Table 1 Resclution (measured as full width at half maximum) for
0.5, 1.0 and 2.0 mm pinhole aperture diarmeters obtained from the
line source phantem study, which was reconstructed using OS-EM
(five lterations) with the three different resolution recovery
methods: no resclution recovery (noRR), multi-ray based resolu-
tion recovery (rayRR) and point-spread function-based resolution
recovery {psfRR)

Apserlure diameter {mm)

Algorithm 05 1.0 20
noRR 1.4 1.8 2.4
rayRR 1.3 1.4 1.3

paiRR 1.2 1.4 1.3

where [ is the average count in the region of intercst
(ROJ) of the rod and A, the average count in background
ROl The red ROls were circular and had the same
diamerer as the corresponding rod, whereas each back-
ground RO} was annular with inner diameter equal to the
diameter of the rod and outer diamcter was inner diameter
plus 2 mm.

Flg. 2

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 target instead of the detector
using the system presented by Zeniva e of. [18).

The imaging time per projection angle was sclected so
that the number of total projcction counts was similar in
the 0.3, 1.0 and 2.0mm pinhole aperture studies. The
average total projection counts in the line source,
Jaszezak and contrast phantom study were 0.9 MCrs,
5.2MCrts and 51.8 MCrs. The images werce reconstructed
with the three OS-EM algorithms using cight subsers and
five iterations with 0.94 mm voxel size.

Results

Table 1 presents the resolution values after five
iterations for the threc pinhole 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 one); from top to bottom 0.5, 1.0 and 2.0 mm pinhole aperture diameter and
from left to right OS-EM with no reschution recovery, mulii-ray based resolution recovery and point-spread function based resolution recovery. Air

bubbles are marked with arrows on one of the images.
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Table2 Contrast for 0.5, 1.0 and 2.0mm pinhele aperture diamelers oblained from tha contrast phantom study reconstructed using OS-EM
(five iterations) with the three different resolution recovery methods: no resolution recovery (noRR), multi-ray based resolution recovery

(rayRR) and polnt-spread funclion based resolution recovery (psfRR)

Rod diamater Ageriure diameter and lution recovery method
{mm)
0.5mm 1.0mm 2.0mm
noRR rayRR psiRR noRR ayRR psiRR noRR rayRR psiRR

2.0 0.34 0.35 0.38 0.29 0.30 0.31 0.13 Q.14 0.13
3.0 0.46 0.48 050 0.38 0.39 0.41 0.28 0.32 0.28
4.0 0.48 0.49 051 0.51 0.54 0.55 0.34 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 0.50 051 053 0.49 0.51 053 0.38 0.43 0.41
7.0 0.50 0.50 0.52 0.50 0.53 0.654 0.41 0.46 0.44
8.0 0.49 0.50 052 0.48 0.50 0.52 0.38 0.43 0.43
8.0 0.51 0.82 053 0.53 0.55 0.57 0.47 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) confirm the above findings. The resolution
recovery has the biggest effect at the Zmm pinhole
diameter case and the quality of the O8-EM.yup and OS-
EMg.mr images is very similar. ‘The results of che conerast
phantom experiment after five iterations are illustrated in
Table 2. The methods based on the point-spread function
performs slightly beteer, overall, than does the mulei-ray
based method.

Discussion

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

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

poini-spread function based resolution recovery is sui-
tablc for systems where the imaging geomeery is fixed
{19], because every time the imaging geometry changes, a
new system model needs to be generated. The OS-
EMporr and OS-EMrp. on the other hand, model the
geometry during the rcconstruction and can  offer
clinically acceprable reconstruction times in every case.

The resolution improvement achicved with rcsolution
recovery is important because it allows the use of larger
pinhole diameters, which provide higher sensitivity. The
poor sensitivity of pinhole collimators has been che
biggest problem in small animal pinhole SPECT. Several
methods, such as multiple detector heads [3,20] and
multipic pinholes [21], have been proposed to overcome
this problem, but these approaches require either a
multi-headed gamma camera and/or special hardware and
are not yet widely applied. Larger injected activities or
longer acquisition times are notr 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 free of
side effects. The only drawback of the muldi-ray based
approach method is a small increase in noise when
compared to reconstruction without resolution recovery,
which has been illustrated by Beque o7 o/, [16]. The
coefficient of variation (COV =standard deviation/
mean X 100%) of a large ROl drawn on the uniform
background of the conerast phantom also showed chis
small noise increase. After five iterations the COVs for
the 0.5 mm pinhole aperture diamcier were 16.1%, 154
and 13.7%, when reconstructed with OS-EM, .un, OS-
EMyri and OS-EMp,mr. The respective valucs for the
1.0mm aperture were 16.7%, 17.0% and 14.0%, and
14.6%, 15.9% and 8.4% for the 2.0 mm aperture. The
noisc propertics 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-ray based 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. Noisc can
also be decreased by using Bavesian reconstruction
metheods |7}, which are almost as fast to execute as the
common OS-EM. Therefore from the point of vicw of the
computational burden the best alternative for noise
reduction when muld-ray resolution recovery is applied
might be to use Bavesian reconstruction methods and
mode! collimaror blurring only into the forward projector.

Even though the resules presented in this paper were
obtained from phantom experiments with activity levels
higher than normal can be found in target organs in small
animal studics, we are confident that the resolution
recovery offers similar improvement in resolution and
contrast in small animal studics. However, it is difficuls to
predict whae kind of impact these improvements have,
e.g. in brain recepror quantification or measurement of
myocardial infarct size in mice and rats. Therefore we
plan to further investigate the effect of resolution
recovery on (semi-) quantitative values in most fre-
quently used small animal models.

Conclusion

The fast multi-ray resolution recovery method performs
almost as well as resolution recovery wich accurate point-
spread funcrions and therefore shows promise in improv-
ing the resolution—sensitivity trade-off in small animal

pinhole SPECT.
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A new method has been developed for diffusible tracers, to quantify
CBF at rest and after pharmacological stress from a single session of
dynamic scans with dual bolus administration of a radiotracer.

The caleulation process consisted of three steps, including the
procedures of incorporating background radivactivity contaminated
from the previous sean. Feasibility of this approach was tested on
clinical SPECT studies on 16 subjects. Two sequential SPECT scans,
36 min apart, were carried out an each subject, after each of two split-
dose administrations of 111 MBqg IMP. Of these, 11 subjects received
acetazolamide at 16 min before the second IMP injection. Additional
PET scans were also carried out on 6 subjects on a separate day, at rest
and after acetazolamide administration. The other 5 subjects were
scanned only at rest during the whole study period.

Quantitative CBF obtained by this method was in a good agreement
with those determined with PET (3(ml/ 100 g/min)= 1.07 % (ml/100 g/min)
=114, r=0.94). Vasarcactivity was approximately 40% over the whole
cerebral area on healthy controls, which was consistent with a literature
vatue. Reproducibility of CBF determined in the rest-rest study was
1.5+ 5.7%. Noise enhancement of CBF images, particularly the second
CBFE, was reduced. providing reasenable image quality.

Repeat assessment of quantitative CBF from 2 single session of
scans with split-dose TMP is accurate, and may be applied to clinical
vesearch for assessing vascular reactivity in patients with chronic
cerchral vascular disease,
© 2006 Elsevier Inc. All vights reserved.
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Introduction

Positron emission tomography (PET) and single photon
emission computed tomography (SPECT) are capable of providing
physiological functions in vivo in a guantitative manner. This is
bascd on mathematical modeling of the kinetic behavior in the
body of a tracer that highlights the physiological processes of
interest. Two important assumptions are often made. namely, (a)
the physiological tunctions measured are constant over the whole
study period. and (b) there is no residual wacer in the body before
the tracer administration. These requirements give rise W a crucial
restriction in the detection of temporal change of physiological
parameters such as cerebral blood flow (CBF). Only a single set of
parameters can be determined for a given physiological condition
from a series of PET or SPECT mweasurements. In case of
additional assessment atr a ditferent physiological condition, an
additional scan has to be initiated after decay or excretion of the
radivactivigy from the body. and the stimulation needs to be applied
before the next scan.

One advantage of tracer with a short-lived radivisotope such as
0 in PET is that the radiouctivity decays quickly (approximately
2 min half life), which allows a repeat assessment of CBF for
several condition within a reasonable interval ol typically 10—
[5 min. However. most PET wacers with longer half-lived
cadivisotope. such as "SF and "'C. and most SPECT wacers.
vequire background radiouctivity compensation, which may be
obtained by using the first scan as background or performing an
additional image immediately before the second wacer mjection,
This background subuaction method has been applied to many
perfusion stwdies with SPECT (Hashikawa et al . 1994 Oku et al .,
1994; Hattor etal, 1996: Imarzumi ctal . 2002), and cven to Hé;O
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PET swdies (Chmielowska et al,, 1998; Chmielowska et al,, 1999).
The subtraction methed. however. degrades the image quality and
quantitative accuracy. A wacer that shows clearance or limited
retention in the tissue requires minimizing the scan period for the
background not to affect the parameter estimation in the second
scan, but this results in the degraded image quality. In turn, a
prolongation of the background scan, intended to prevent
degrading nmage quality. causes inconsistency with the parameter
estimation due to the time-dependent distribution of the tracer in
the next. Clearance of the tracer from tssue is observed not only in
the PET study using H5>Q but also in several SPECT studies, such
as ' l-iodoamphetamine (IMP) for quantitation ot CBF (Tida et al.,
[994u4.b).

For repeat CBF studies in a single session, we have presented a
new mathematical formulation to compensate for the background
radioactivity comtamination in tissue from the wacer previously
administered (Iida et al., 2000: Nishizawa et al., 2003). This allows
estimation of “snapshot”-like background radicactivity distribution
just before the second wavcer scan from the information obtained
from whole the previous scan data assuming a compartment model.
This background distribution was then built into a model for the
parameter estimadon using the second wacer data. Based on this
formulation, we demonstrated the applicability of this approach to
repeat CBF measurement using HY'O PET in o shorter imerval
{Watabe ot al,, 2002}

In this study. we have aimed to make the CBF images of repeat
SPECT scan, based oo the above formulation, and o evaluate the
validity and applicability of this functional mapping method by
means of clinical studies performed with SPECT and IMP.
Quantitative accuracy of this method was also tested by comparing
CBF values with those in HIYO PET studies.

Materials and methods
Theory
The new mathematicul approach, Dual-Table autoradiography

(ARG) miethod was formulated for a cercbral perfusion tracer.
which has high wans-capillary extraction w0 the cerebral tissue

with significant clearance. IMP has been chosen in this study. It
was assumed that the kinetics of this wacer follows a single-
tissue compartment model (Kuhl et al., 1982; lida et al, 19944
b). The calculution of CBF at baseline and after the
pharmacological stress included three processes as shown in
Fig. 1. The first process caleulates a CBF (f7) map from an early
image obtained immediately afler the first tracer administration
bused on a previously validated in vivo autoradiography
technique for IMP, by employing a lookup table procedure
(Fig TA) (lida et al, 1994ab; lida et al. 1996). The second
procvess estimates 2 background radicacuvity disuibution im-
mediately betore the next injection of IMP, using the CBF image
obtained from the first process (Fig. 1B). This is an inverse
procedure of the first process, but estimates the momentary
(snapshot™-like) radiowcuvily distribution at the ume of the
second IMP injection. The third process then calculawes a CBF
{(/>) map after the pharmacological suwess from the next eurly
tmage i addition to the background image generated by the
second process (Fig. 1C). For this caleulation, the tssue
radivactivity concentration was formulated as follows:

7 7 ;
/ (J,(t)dz:/;g/ Cide e~
Ty Ty
-7 ; e
P (Tvhey AT (1

where C(2) is regional tissue radivactivity concentration (cpsfy) in
the next early image at time £ /3 CBF (mliming) alter the
pharmacological swess, Ty disttibution volume of the tracer (mi
ml), 7\ and 7> the scan start and end times {or the second scan.
respectively, 777 iy the time defined for the background activity
before 7, Cy(7) arterial input function (cps/ig), and 5. convolution
mtegral. respectively. The first-pass extraction fraction is assumed w
be unity and independent of time.

The lookup table process thercfore includes wwo tables (sce
Fig. 2). namely response to the second tracer administration (the
first term in the night of Eq. (1) and the contribution of
remaining radivactivity (the second term in the right of Eg. (1)
The second table is scaled by the background counts, C(70¥)

pizel
count

0

pixel T
pixel . pixel |, count
count count
3 A
CBF CBF CBF

Fig. I Mathematical procedure 1o estimate the first and scecond CBF maps from a scries of SPECT scans following splir-dose advmmistation of IMP. The
caleulation process consists of three seps, namely. (A) caleulation of a baseline CBEF map from the early tmage according to the IMP wutoradiography, (B)
estiuation of a ransient radioactivity diswibution at the end of the scan (o at the thne of the next sean tunation) fron the CBF map, and (C) ealeulation of
additional CBL map trom the sevond SPECT hinage. Note that the estimated background disuibudon is inplemented i the model formulation of the second CBF
caleulation process Phannacological stress can be given priot to the second TMP administwation in o typical clinical study
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Dual Table Table 1 Table_2
pixel el
count
= +C I(Tb“’g x
A 4
CBF CBF CBF

Fig. 2. The procedure o estimate the CBF map from the second SPECT scan. Once a wble bevween CBF and SPECT counts is generated. a lookup table
procedure provides a CBF map {rom pixel counts of the second SPECT image. This table is the sum of o tables corresponding to cach term of Eq. (1). The first
component corresponds to the response to the newly supplied tracer, and the second table corresponds to the conuibution of background activity. Note that the
seeond table 1s scaled in each pixel by reforing the background radioactivity counts at the thne of the second scan intiation, which are generated frout the

previous CBF map.

It is likely that CBF varies during the scan, particularly
when pharmacological challenge is given before the end of the
tirst scan. \With the detinition of a transient weight function, w
(1), describing effects of the transient CBF change on the
estimated  background radivactivity that should be used in the
next ('BF calculation, the observed ussue concentration, Ci(7).
15 expressed with w(r) and the trapsient CBF or fiY) as (lida
et al.. 1991);

T
CiAT) f:-,/ w(e) fle)de 2)
JO

With assuming a two-compartment model for a constant

during the study and differentiation, w{r) can be approximated by:

_dGi)

wit
Q) di

Thus the transient weight in the estimated background image is
nearly equal (o the first derivative of the tissue concentration curve
during the previous scan. This suggests that the estimated
background distribution for the next scan 1s predominantly
seasitive to flow during the rising period following the bolus
ijection of IMP, and 1s only moderately affected by flow after a
certain period has elapsed trom the previous scan. Thus, minimal
effects are expected in the background estimation process, even
when pharmacological suess is applicd before end of the previous
sen.

Subject

Studies were performed on subjects. Subjects were divided into
3 groups. The {first group (n=5) was consisted of clinical patrents
with cerebral ischemia, who were assigned to the IMP SPECT
studies for clinical diagnosis. and were used to evaluate the
reproducibility of the method. In this group, patients were scanned
at rest during the whole study period (rest rest condition). Their
age ranged from 51 to 71 years old (mean=SD; 61+9). Four
patents suffered from chronic cerebral hemorrhage. and one had
an wruptuared ancurysm.

The second group consisted of only healthy male volunteers
(1= 35). who had no signs or symptoms of stroke or other ischemic
diseases. and were expected to show normal range of CBF values.
All subjecis belonging o this group were studied at rest during the
tirst scan, but acetazolumide (ACZ) was administrated betore the

second TMP injection (rest-ACZ condition). Their ages ranged
from 27 10 35 (mean=SD; 30=4).

The third group included 6 patients with stenosis or occlusion
of extracranial internal carotid artery on unilateral (#=3) or
bilateral (#=3) side. Their age ranged from 71 w 74 years old
(mean=5D; 72+ 1), All patients underwent the IMP SPECT scans
at rest and with an acetazolamide challenge, as in the second group,
and PET scans following intravenous “O-water both at rest and
atfter the same dose of acctazolamide, were done 2 days apart from
the SPECT study with acetazolamide challenge. The second scan
data of one subject among the subjects n this group, were excluded
in the data analysis, because of the severe head motion and
urination during SPECT acquisition.

All subjects had MRI scans prior to the SPECT study, which
has been used for identification of region-of-interest (ROI) and also
for generating attenuation maps that have been utilized for
corrections of attenuation and scatter in the SPECT reconstruction
(see below). All subjects gave written mformed consent, and were
studied by the protocol approved by the local ethical commitiee.

SPECT scun

All SPECT studies were carried out following the split-dose
administration of IMP. For the first and the second groups, a triple-
headed SPECT cumera attached with low-energy high-resolution
fan-beam collimator (GCA-9300A, Toshiba Medical System,
Tokyo, Japan), installed ot Azabu Neurosurgery Hospital. was
used. And a dual-headed gamma camera attached with low-energy
high-resolution fan-beam collunator (ECAM, Siemens Medical
System, USA), installed at National Cardiovascular Center
Hospital was used for the third group. The size of acquired
projection was 64-by-64 pixels. and the energy window selected
was 20% on the center of 159 keV tor all studies.

In each subject, the split-dose IMP injections (111 MBq cach)
were separated by an interval of 30 min. The infusion period was
1 min, and was controlled using a constant infusion pump
{Terumo, Tokyo, Japan). Two sets of dynamic SPECT scans were
initiated at the time of the IMP injection. The duration ot euch
dynamic scan was 30 min for the lst and 2nd groups and 25 min
for the 3rd group, respectively. For both SPECT scans, the
detectors were rotated continuously collecting 60 projections over
3607 intually every 10 s and. after S min, every 2 min for the triple-
headed camera. and initially every 2 min and, after 10 min. every
5 min for the dual-headed camera. The acquired projection data
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were re-binned (o parallel beam projection for further process.
Fach dynamic projectiion data with the parallel-beain transfonna-

ton were summed to a static data for each session. and two sets of

images were reconstiucted for further image calculation (sce
below). In the second and third groups, 16 mg/kg (1000 mg
maximum) of acetazokunide was administered intravenously at
20 min after the first IMP injection.

Arterial input function -was determined in individual studies.
Arterial blood was sampled from the radial artery at 13-5 intervals
during the first 2 min with gradual prolongation thercafter. The
whole bloud radioactivity concentration was counted using a well
counter, and its octanol extraction fraction was also counted as
reported previously (KKuhl et al., 1982: Lear et al.. 1982: Kurisu
et al.. 2002).

A uniforin cylindrical phantom of {6-cm diameter {axial length
of 15 ¢m) filled with approximately 20 MBq of '*l-solution was
scanned following the same scan protocol as for the clinical
SPECT studies. The solution was sampled and s radioactivity
concentration was counted in the well counter that was used for
measuring the arterial blood radioactivity concentration.

PET scan

Six subjects belonging to the third group underwent a series of

PET scans within 2-day period from the IMP study. The ECAT
Exact47 PET scanner (Siemens-CTI Inc., Knoxville, USA) was
used, which provides 47 tomographic slices. The observed spatial
resolution of reconstructed image was approximately 7-mm
FWHM both in-plane and in axial direction.

After a transmission scan for attenuation correction, a 90-s scan
was performed following a bolus injection of “O-labeled water
(H3°0). The tunctional CBF images were calculated according to
the H3*O autoradiography (ARG) technique (Kanno et al.. 1987),
The partition coetfficient of water was assumed to be 0.80 ml/g,
which was meant to minimize effects of tissue heterogeneity (lida
et al,, 1988). The arterial input function was determined from the
continuously monitored arterial blood time-activity curve includ-
ing corrections for delay and dispersion (lida et al.. 1986, 198Y).
The scans were performed twice, the first at rest, and the second at
10 min atter administration of the same dose of acetazolamide as in
the SPECT swdy.

SPECT image ieconstruction

To generate uniform attenuation map by means off MRI image.
both static projections of the first and second sessions were
reconstructed  without correction of attenuation or scatler. to
provide SPECT images for cach session, and MRI image ot each
subject was co-registered to the reconstructed  image without

attenuation  correction, using SPM2 (Welcome Department of

Imaging Neuroscience, University College London. London, UK).
The co-registered MRI image was converted to an attenuation

map, after defining the head contour and assigning a value of

uniform attenuation coefficient of 0.167 cm ' into the area inside
the head contour (ida et al.. 1998). The uniforin attenuation map
was used in image reconstruction with corrections of attenuation
and scatter  Scatter component in emission projection was
corrected by cmploying a technique of transmission-dependent
convolution subtraction (TDCS). as previously validated (Meikle
et al o 1994 Narita o gl 1990: Lida et ad . 1998). The TDCS can
provide the pixel-by-pixel estimation. A(x, ¥), ot scatter comipo-

nent in measured emission data, by means of the tollowing
formulation:

l
- +hy 4

RS0 T P——
A= Btlxy)

where 1(x, V) s an attenuation factor for pixel (x, ) and &y is a
term illustrating both septal penctration and scatter in the
collimator due o conmination of high-energy photon of 'L
The parameter sets for TDCS ae 4=2.4718, B= A4 - |, B~ 0.2088.
and k,=0.2141 for the tiple-headed camera. A4=2.3069, B= 4~ |.
p=0.2926. and k,=0.3000 for the dual-headed camera. respec-
tively. These parameters were empirvically detenmined by the
previous study (Kim et al.. 2001). The scatter-corrected projec-
tions were then reconsuucted using the in-house packuage for
quantitaive SPECT recunstruction (QSPECT). which employed
the ordered-subset expectation maximization {OS-EM) algorithm
including the attenuation comrection with the autenuation mup
(Hudson and Larkin, 1994). The ceconstructed images were then
cross-calibrated to the well counter system using the cross-
calibration factor determined as below.

Images of the cylindrical phantom were reconstructed [ollowing
the same procedures as for the clinical study, including correction
for scatter and attenuation. A circular region-of-interest (RO1) of 8-
cm diameter was placed on the transverse image. and mean counts
over this ROT were referred to the radioactivity concentration of
this solution (cps/g) measured by the well counter. The ratio of
these two values was defined as the cross-calibration tactor
between the SPECT and the well counter system.

Dutu analysis

The reconstructed images of the lirst and second session were
realigned using SPM2, to correct a possible head motion between
both scan sessions. Quamtitative CBF images were calculated for
both the first and second SPECT images, respectively, as deseribed
in the theory, with setting 7% o 7, The diswibution volume of
IMP, ¥y was fixed at 35 mlml in the CBF calculation (Hatazawa
et al. 19970 hida et al, 1998). The image of background
radivactivity generated during CBF  calculation was compared
with the reconstructed image immediately betore the second IMP
injection, i.e., the image with scan duration of 20- 30 min lor the
tirst and second groups. and 2025 min for the third group.
respectively. All caleulated CBF images of SPECT and PET were
co-registered to its own MRI image. using SPM2.

In total. 39 circular ROIs with 2 em of diameter were placed on
MRI image, to cover the whole brain according w the criteria
described elsewhere (Yamuaguchi et all. 1986: Tida ¢t al.. 1998),
These ROIs were prujected on all CBF images to investigate the
reproducibility between the tirst and sccond scans, and the
consistency of the proposed method with PET. The rest- rest study
was used to evaluate the reproducibility of the cstimated CBF
values between the two sessions, while the rest acetazolamide
study was used to evaluate the vasareactivity in normal subjects
(namely the second group). Consistency of the calculated CBF
values between the present method and PET was also evaluated.

All data were presented as mean £ S, and Pearson’s correlation
and linear regression analysis were used o evaluate relatonships
between the two CBF values. The reproducibility of both measured
and estimated background images was evaluated by meuans of
Mann Whitney rank sum test.
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Results

Figs. 3A-C show a comparison of the background radioactivity
concentration at 25 min after the first IMP injection estimated by
the present model-based approach, with those obtained from a scan
with short duration. Fig. 3A is a typical comparison of the
background images obtained from one study among the first group.
It appears that the esumated umnages show visually smoother,
therefore smaller noise, than the measured images, while the
absolute counts are equivalent. ROI counts of the estimated
background images were also compared with those of the
measured images for the rest-rest swdies of the Ist group and
the rest- acetazolamide studies of the third group in Figs. 3B and C,
respectively. There is no significant difference between the two
methods both in the rest-rest (p>0.5) and rest-acetazolamide

KM Kim et al. 1 Nenrolmage 33 (2006) 1126-1135

(v>0.1) studies. However, the rest-acetazolamide study indicated
shightly greater spread about the regression line.

Fig. 4A shows comparison of CBF images obtained from one
of the rest-rest studies, mdicating the reproducibility of the CBF
measurement by the present method (Dual-Table ARG method).
The visual difference between the estimated and measured
background images in Fig. 3A lcaded to the similar quality
between the first and second CBF image set, although there is
some difference in notse between test and retest. Ttis clear that the
guanutative values of CBF are consistent between the two CBT
images obtained from the first and second scans (see also Fig. 4B).
The reproducibility between the two CBF values obtained from the
rest-rest study as evaluated as a deviaton of the two averages
between the tirst and second CBF values was 1.5+5.7%. There
was no significant difference between them.
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Fig. 3 (A) Comparison of background images estimated by the proposed method (top) with those acquived by « 10-min scan (¢ 20 30 min) with the wiple-
headed camera. (B) Comparison of pixel counts estimated by the proposed inethod with those acquired by ¢ 10-min scan with the tiple-headed camera. Values
were obtaiued from 39 civeular regions of intevest tha had a size of 314 nan”. Data are obtained from the rest rest stadics (- 5). and regression lines are plotted
tor cach subject. (C) Same as tor panel (B) but from the rest- acetazolamide studies. in which background activity was compared with those by u 3-min scan

tr 200 25 wm) with dual-headed camera
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Fig. 4. (A) A comparison of caleulated CBF imagces obtained from a typical clinical study with the rest-est protocol. CBF images ave showa for both fust (top)
and second (bottom) scans. demonstrating reproducibility of the method. All images ave displayed with the same color scale in units of ml 100 g¢/min. (B)
Comparison of calculated CBF values obtained from the vest-rest studies (2=5). Each value corresponds to a tiean value of regions of inferest in cach aea of
deep and cortival gray matter (frontal. temporal, occipital gyri) and cerebellum. No significant difference was observed between the first and the second CBEF

values.

In the second group, CBF values of three gray matter regions
(e.g., cortical and deep gray matter and cerebellum) were 37.4 mi/
100 g/min, 36.4 ml/100 g min. and 44.4 ml/100 g'min for rest state,
and 53.1 ml/100 ¢'min. 51.5 ml/100 g/min. and 63.7 mi/100 g/min
for acetazolamide state, respectively (Figs. 5A, B). The CBF values
of whole region including white matter, which were obtained from
the 39 ROIs, were 37.1£ 5.0 ml/100 g/min for restand 52.2£ 8.0 ml/
100 g/min for acetazolamide states, respectively. These CBF values
resulied in the global CBF increase of 40.5£9.4%, and was
homogencous in all cerebral regions (43.0% for cortical, 42.3% for
deep gray matter and 39.4% cerebellum). This increase of 40%
agreed with the literature value (Havashida ¢t al. 1996). No
significant difference in the amount of increase was ubserved among
the regions (see Fig. 5B).

Figs. 6A C show the results of comparison of rest acetazola-
mide studies with SPECT and PET. The CBF images by both the

Dual-Table ARG SPECT and Héjo ARG PET methods were
sumilar both quantitatively and qualitatively (Fig. 6A). The CBF
values by the SPECT method showed the consistency with those
by PET over the regions of deep and cortical gray matter (frontal,
temporal, occipital gyri) and cerebellum (Fig. 6B). and this
consistency resulted in the good correlation of CBF increase
between PET and SPECT (Fig. 6C).

Discussion

In this study, we developed a new method of quantitative
CBF mapping. which is based on the mathematical tormulation
for repeat (BF quantitation using a diftusible wacer that
incorporates  time-dependent  changes  of tssue radioactivity
distribution. and showed that this method allows the test retest
assessment of quantitative CBE images within a reasonable scan
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CBF values at Rest and Acetazolamide-stress states
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Fig. 5.(A) CBF values at both of rest and acetazolamide-suwess states and (B)
"ochange of CBF obtained from the rest- acetazolamide studies performed
on the second group. The values of CBF and schange of three gray matter
regions, namely the cortical and deep gray matter and cerebellum, and the
whole brain regions, were summnarized. No significant difference was
observed in the “ochange among the regions.

interval. The noise enhancement, which has been a major
restriclion in previous approaches when using a simplitied
background subtraction technique, has been suppressed with the
present approach.

Validity of this method has been demonstrated in sequential
SPECT swdies at rest and after acetazolamide in conjunction with a
split-dose administration of IMP. IMP is a diffusible tracer with
significant clearance from the brain over time (Kuhl et al.. 1982;
Hida ec al.. 1994a.b). It should, however, be noted that the kinetic
behavior of IMP can be well described by @ mathematical model
(single-tissue compartment model). Thus, in this study, the
fonmulation was given, based on the single-tissue comparument
model. for a split-dose administration protocol, allowing the
accurate quamtitation of CBF at two physiological conditions. The
quantitative accuracy and the precision of this approach at rest and
after acetazolamide are acceptable in the clinical setting, allowing
the rest-acetazolamide study to be carried out with a total study
time of less than 1 h with an interval of 20 to 30 min between the
two IMP adminiswrations.

The new formulation that estimates the second CBF trom the
second SPECT scan by incorporating the background radioactivity
from the previous scan into the formulation, has been validated
successfully in this study with clinical scans. The calculated CBF
images were consistent between the first and the second scans in
the rest—rest study, in which image quality of the second CBF was
not different from that from the first scan. In the previous work
(Tida et al . 2000), we have evaluated the reproducibility of both
CBF image in rest rest swudy, using 160 square ROIs
(34> 34 mm?) those were placed on brain region including gray

and white matter of 5 tomographic slices of CBF images at axial
position shown in Figs. 3A und 4A. and obtained the ditference
within 3%. In other study presented in domestic meeting (Annual
meeting of Japanese Society of Nuclear Medicine (2000)), we have
also compared the test-retest CBF image sets generated in rest- rest
study by the presented method. with those by a traditional
microsphere method  (Kuhl et al, 1982), and found same
reproducibility of the both test-retest CBF images for the both
CBF caleulation methods, with better guality of the second CBF
image by the presented method than by the vaditional method.
Therefore, from these previous results showing enough accuracy of
reproducibility over whole brain regions, we have focused the
variation of CBF values in regions those have been interested in
many clinical studies, rather than whole brain regions. The rest-
acetazolamide study also demonstrated reasonable quality of CBF
images both at rest and after acetazolamide. The estimated values
of CBF at both rest and acetazolamide states, and Yincrease of
CBF showed a good lincar relationship with those by H3*0 PET.
although there was a small otfset in the comparison of %increase of
CBF. This small bias was resulted from the slight underestimation
of background radioactivity, which might be aftected by
reconstiucted image with lower count statistics due 1o the fewer
number of detector and relatively higher scatter traction in the data
acquired from dual-headed camera, compared to that of triple-
headed camera (ko=0.3000 for dual-headed and k,=0.2141 for
wiple-headed). The amount of about 40% increase of CBF in
healthy volunweers, however, agreed with the literature values,
which also suggests validity of the present method (Hayashida
et al.,, 1996).

The transient distribution ot the Ussue radioactivity concentra-
ton at the time of the second IMP injection can be accurately
estimated from the first scan with the present method with minimal
enhancement of statistical noise. It was shown that this estimated
tissue radioactivity distribution was in a good agreement with that
directly measured by a short (10 min or 5 min) SPECT scan,
without enhancement of statistical noise (Fig. 3A). It is important
to note that this agreement was confirmed not only in the rest-rest
protocol (Fig. 3B), but also in the rest-acetazolamide protocol (Fig.
3C), in which the acetazolunide chatlenge was given during the st
SPECT scan. This can be understood by referring to the
approximate formulation of’ the tansicnt contribution weight as
defined in Eq. (3). As has been described in theory, the transient
contribution is approximately proportional to the first-derivative of
the tissue radicactivity concentration, and thus highly weighted
only at the carly phase after the tracer administration, but small
after the peak of tissue radioactivity when a bolus administration
protocol in employed. CBF changes some time after the immediate
period post IMP injection have only a very small or negligible
effect on the background activity. Eq. (2) also implies that the
estimated CBF maps at rest and after acetazolamide are highly
weighted to the early period immediately after each of IMP
administeations, which has been shown in the previous study using
simulation (Tida et al.. 2000). From these findings. it can be
expected that the second CBF should yield the elevated CBF
values even though CBF 15 decreased after a certain period such as
>10 min afler the 2nd IMP adnvinisteation.

In general, kinetic analysis in PET or SPECT assumes a
constant physiological condition tiroughout the whole swudy
period, and only a single set of physiological parameters such as
CBF is typically estimated from a series ol dawa. The temporal
resolution of the PET SPECT methodology has theretore been
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