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Abstract—We developed SPECT imaging capability on a
LabPET animal scanner to provide an integrated PET/SPECT
dual-modality imaging system. The add-on SPECT sub-system
was enabled by 1) mechanically integrating a multiple-pinhole
collimator in the PET detector ring, and 2) configuring the detec-
tors to acquire singles events in the 120-160 keV range. We report
on the design parameters, data acquisition protocols and initial
performance assessment of this cost-effective SPECT imaging
solution. Phantom and animal images demonstrating the relevance
of the system for various imaging tasks in preclinical research are
presented.

Index Terms—Animal dual-modality imaging, multiple pinhole
collimator, PET/SPECT.

I. INTRODUCTION

O provide a versatile imaging tool for biomedical re-

search, we studied the feasibility of adding a collimator
to an existing animal PET scanner so the scanner is also able
to perform SPECT imaging. Effectively, this development
converts the PET scanner into a dual modality PET/SPECT
system [1]. Since the add-on SPECT uses the detector gantry
of the animal PET, the main addition required is a collimator
insert, whose cost is a small fraction of a stand-alone SPECT
system and an insignificant addition to the total cost of the
animal PET system.
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The proposed dual modality system supports a broad range
of imaging applications using both PET and SPECT radiophar-
maceuticals, thus achieves a high function-to-cost ratio for in-
vestment. In addition, such a dual-modality system has a small
overall footprint, and has the potential of enabling PET/SPECT
dual tracer research applications. The recent interest in pro-
ducing both PET and SPECT tracers at a cyclotron facility [2]
also enhances the perspective of this integrated PET/SPECT
imaging system.

There are several unique technical features involved in the
development of the add-on SPECT imaging modality on a PET
scanner. The first is a collimator insert needed for performing
SPECT imaging. Given that the PET detector gantry is a fixed
cylinder, the collimator needs to be designed accordingly to
achieve the desired field-of-view (FOV) size and optimal spa-
tial resolution versus sensitivity trade-off. The second unique
feature is the use of PET detectors to acquire low-energy, e.g.,
140 keV, singles photons. The detector settings such as elec-
tronics gain and offset, and acquisition energy window, need to
be adjusted for the SPECT mode operation. The third feature
is that the PET detector crystals are usually pixelated and the
crystal layout may not be uniformly distributed [3]. Therefore,
special calibration considerations [4] and scan schemes [5] are
required for optimal imaging performance.

In this work, we report the initial assessment of the
LabPET/SPECT dual modality system. The base animal
PET scanner used for the development was a LabPET-8 [3].
The system setup and design specifications are described
first. For tomographic imaging, we used a helical scan, which
combines collimator rotational movement and subject linear
motion. The initial imaging performance of the prototype
system is demonstrated with phantom and animal studies.

II. MATERIALS AND METHODS

A. Animal PET Scanner

A LabPET-8 scanner [3] was used for the development. The
system consists of 16 detector/32 crystal rings. There are 12
cassettes in each detector ring placed in a star-like formation.
Each cassette contains 4 detector modules mounted on an analog
board. Each module is composed of 4 phoswich detector pairs
[6]. A phoswich detector pair has one LYSO and one LGSO
scintillator juxtaposed side-by-side axially and coupled to an
avalanche photodiode (APD). Each scintillator is 2 X 2x ~
12 mm?® in size. So the scanner has a total of 6144 crystals,
with alternating LYSO and LGSO in the axial direction, and
phoswich pairs angularly offset by half a crystal size in the
azimuthal direction. The inner diameter of the detector ring is
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Fig. 1. A schematic drawing (top) and a photo (bottom) showing the 6-pinhole
collimator cylinder placed within a LabPET detector ring.

162 mm (opening of 150 mm) and the axial coverage of the de-
tector is 76 mm.

B. Multiple Pinhole Collimator Insert

A single-row 6-pinhole collimator was designed as an insert
for the add-on SPECT. Given that the PET detector gantry is sta-
tionary, and it is undesired to rotate the imaging subject to avoid
motion problems, tomographic imaging was achieved by ro-
tating the collimator. A schematic drawing of the pinhole colli-
mator insert within the LabPET-8 detector is shown in Fig. 1. A
photo showing the actual pinhole collimator cylinder mounted
on the LabPET scanner is also shown in Fig. 1.

The 6-pinhole collimator was designed for mouse imaging
studies. The cylinder was made of tungsten (90% purity). Its
inner diameter is 44 mm, wall thickness is 3 mm, and length
is 90.1 mm. The six pinholes are uniformly distributed on the
circle of the middle transverse plane of the cylinder. The diam-
eter and opening angle of the double-knife edged pinhole inserts
press-fitted into the cylinder are 1 mm and 80°, respectively,
with a 0.2 mm high cylindrical central part. The pinhole cylinder
assembly is mounted on a rotational holder adapted to the PET
rotating source mechanism, as shown in the picture of Fig. 1, for
acquiring projections in a tomographic imaging mode [7]. With
these geometrical parameters, at the center of FOV (CFOV), the
analytically estimated spatial resolution (FWHM) is 1.6 mm in
both tangential and axial directions, and the sensitivity is 0.07%.
With collimator rotation only, the shape of the FOV is approx-
imately an ellipsoid with transverse and axial diameters of 30
mm and 26 mm, respectively.
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Fig. 2. Sample energy spectra of °°™Tc from the LYSO/LGSO phoswich
detector.

C. Data Acquisition

Besides mechanical setup, when working in SPECT mode,
the LabPET scanner must be configured to acquire singles
events with an energy window of 120-160 keV. To achieve
this, the detectors are first calibrated per the usual PET mode
energy calibration procedure with a ®Ge source. Then, indi-
vidual detector thresholds are adjusted to ensure that events in
the 120-160 keV range are recorded.

Signals from the APD of each phoswich detector pair are
amplified and digitized. When a signal’s amplitude is above a
selected noise threshold, it is accepted as an event and is an-
alyzed—the signal shape is used to identify the scintillating
crystal and the signal amplitude is used to represent the en-
ergy deposited in the crystal. The event is stored whenever the
event’s energy falls within the selected energy window, which
is120-160 keV for studies reported in this work. Fig. 2 shows
sample energy spectra from the LYSO and LGSO crystals of a
phoswich detector pair after crystal discrimination and energy
windowing. The estimated energy resolution is ~ 45%.

The detection efficiency coefficients of the crystals were ob-
tained by scanning a uniform cylindrical phantom filled with
6.19 MBq %™ Tc solution for 25 minutes. The activity volume
used was 20.7 mm diameter x 228 mm length, and was centered
at the CFOV. The collimator was removed for this measure-
ment.

With an energy window of 120 to 160 keV, the background
activity due to the intrinsic radioactivity of 1"®Lu [8] in the
LYSO and LGSO crystals contributes about 0.814 Bq per crystal
to the projection data collected. For each study, this contribution
was first estimated based on a separately measured blank (i.e.,
no object in the FOV) scan and then subtracted [8] from the mea-
sured projections. The acquisition time of the blank scan was 5
hours. The collimator was in place during the blank scan to em-
ulate the imaging setup. The same energy window was used for
the blank and imaging measurements.

D. Helical Scan

To have a uniform and complete projection sampling, we used
a helical scan protocol for all imaging studies. The helical pro-
tocol is a combination of pinhole cylinder rotation and object
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linear movement. The number of angular steps to complete a
full rotation, V2™, to satisfy the angular sampling requirements
can be calculated by adapting the standard method described in

[91,

2w FWHM
RpinholeCylinder : Gy = P (l)
(NT : Z\']’pinhole) 3
where the radius of FOV Iyinnotccylindger = 15 mm, the

number of pinhole N;,501. = 6, the estimated spatial resolu-
tion at CFOV FWHM = 1.6 mm. The N>™ calculated is 30,
which corresponds to 2 degrees per angular-step.

The axial step size S,,. we used was 0.6 mm, which is approx-
imately 1/3 of the axial FWHM. Whereas the axial step size can
be further optimized for image quality or imaging speed, the
chosen value was found suitable for the initial demonstration of
the SPECT imaging capability.

The typical acquisition sequence includes the following
steps: 1) acquire data for a pre-determined time, e.g., 180
seconds, at its starting position; 2) move the object linearly
with step size of S, = 0.6 mm in axial direction; 3) rotate the
pinhole cylinder for § = 2 degrees; and 4) repeat the last 3 steps
N, times to ensure proper angular and axial sampling across
the entire N, x S, mm axial length of FOV. In the following
context, this helical scan is described as N, x [0, S, tacqls
where ., is the acquisition time after each helical movement.
The axial FOV can be extended by adding additional helical
steps to encompass the desired region-of-interest of the imaged
object.

To accumulate firsthand experience on the performance
of different settings, we experimented with different helical
settings.

E. Image Generation

The image generation protocol we used consists of 3 steps:
1) detector intrinsic background activity correction, 2) detector
sensitivity normalization, 3) iterative statistical image recon-
struction.

The detector efficiency coefficients were applied to the pro-
jection data pre-corrected for 1"Lu background and radioac-
tive decay. Scatter and attenuation corrections were not im-
plemented at this stage. Due to the small size of the targeted
imaging objects with this system, i.e., mice, these corrections
are expected to have negligible effects on image quality. Since
all the imaging studies were completed in less than 2.5 hours,
the effect of radioactive decay was relatively small. Decay cor-
rection was not applied to the projection data presented here but
will be in the future.

An iterative reconstruction program with the standard or-
dered subset expectation maximization (OSEM) algorithm [10]
was used for image reconstruction. To generate accurate system
response matrix, the geometrical calibration was carried out
first using an analytical method described previously [7].

The system matrix used for image reconstruction consisted of
sub-system matrices of the pinhole collimator at each rotation
position, as each rotation of the pinhole cylinder creates a new
detector configuration, which corresponds to a different image
system response function that needs to be modeled by a new
system matrix. This means the system matrix is » times that of
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the stationary collimator setup, where n is the number of rota-
tion steps. An accurate and compact system matrix modeling
method was developed to overcome this challenge [11].

The parameters used in the OSEM reconstruction software
reported in this work, unless described specifically, was 10 sub-
sets and 5 iterations.

F. Phantom and Animal Imaging Studies

The imaging performance of the system was assessed using
two phantoms. An Ultra-Micro Hot-Rod phantom (Data Spec-
trum Inc., Hillsborough, NC) was filled with 86.6 MBqof a
99mTc_pertechnetate solution to investigate the transaxial res-
olution. The phantom was scanned with a helical protocol of
30 x [2°,0.45 mm, 60 seconds]. A modified Defrise phantom
consisting of a stack of 5 discs of increasing thicknesses from
2.3 to 3.2 mm was then scanned to assess the axial resolution.
The discs were spaced with the same distance as the disc thick-
ness. It was filled with 149.5 MBq 79" Tc-pertechnetate solu-
tion and scanned with a 60 x [2°,0.6 mm, 60 seconds] helical
protocol.

The mouse imaging capability of the system was then inves-
tigated in three different studies. First, a whole body bone scan
using ??™ Tc-MDP was performed. The weight of the mouse was
23.7 g and the injected dose was 172.3 MBq. The helical pro-
tocol was 270 x [2°, 0.2 mm, 30 seconds]. The scan was started
at 2 hour and 45 minutes after radiotracer injection.

To investigate the ability of the pinhole SPECT system
to image targeted organs, a mouse cardiac imaging study
was then performed. A 21.4 gram HFS mouse (female) was
injected with 36.7 MBq of %?™Tc-Sestamibi and scanned
starting at 74 minutes post-injection. The scan protocol was
30 x [2°,0.0 mm, 60 seconds], the 0.0 mm linear step size
indicates that only rotation of the collimator was used.

Finally, the system was used to compare the imaging
properties of ™TcO,~ produced by a cyclotron [2] and by
a standard *?Mo/?"™Tc generator. One mouse (17 g) was
injected with 8.8 MBq of cyclotron-produced " Tc by the
109Mo(p, 2n)"™Tc reaction, while the other mouse (26.8
g) was injected with 9.3 MBq of the "*"Tc eluted from a
standard ?Mo/??* Tc generator. The helical scan protocol was
30 x [2°,0.2 mm, 208 seconds|. The targeted imaging organ
of the study was the thyroid and the aim was to demonstrate
that 99" Tc-pertechnetate produced by cyclotron or eluted from
a Mo /?9™mTc generator yielded the same diagnostic informa-
tion.

III. RESULTS

A. Hot-Rod Phantom Study

Fig. 3 shows the summed image of 28 transaxial slices of
the Ultra-Micro Hot-Rod phantom. The 1 mm hot rods can
be resolved in this image, indicating that the expected system
FWHM spatial resolution of 1.6 mm is clearly reached and
even exceeded.

B. Modified Defrise Phantom

The coronal view of the modified Defrise phantom displayed
in Fig. 4 shows a clear separation of the hot discs. This is
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Fig. 3. Transverse view image of the Ultra-Micro Hot-Rod phantom. The dis-
tance between centers of neighboring hot-rods is twice the hot-rod diameters
indicated in the image. The image shown is the sum of 28 slices (8.4 mm in the
axial direction), and was obtained with 20 OSEM iterations.

Fig. 4. Coronal view of the modified Defrise phantom acquired with a helical
scan. The numbers indicate the thicknesses, in mm, of the alternating plastic and
activity discs.

expected because the designed axial resolution (FWHM) is
1.6 mm, which is higher than what is needed to distinguish
the 2.3 mm and thicker discs. This shows that the helical scan
settings used are adequate for extending the axial imaging
volume. The top activity disc in the image is partially missing
due to incomplete axial coverage of the helical scan—the
pinhole plane must be stepped beyond the intended axial image
volume for complete data sets.

C. Mouse Bone Study

Fig. 5 shows the image of the mouse bone scan with
99mTec-MDP. The vertebrae and main joints of the mouse can
be clearly resolved. The small axial step size (0.2 mm) used
for this acquisition limited the axial image volume, so the
skull and the tail-bone of the mouse were not imaged properly.
The image definition demonstrated here shows that the add-on
SPECT resolution performance is suitable for mouse studies.

D. Mouse Cardiac Study

The transverse images of the mouse heart in multiple planes
are shown in Fig. 6. The clear donut shape of the left my-
ocardium indicates that the resolution is adequate for mouse
cardiac studies. As the mouse heart is only about 10 mm in any
dimension, the rotation-only scan protocol may be used, but
further improvements on detector configuration and evaluation
of image quality will be needed to ensure that no image distor-
tion or under-sampling artifact is present. It would be straight
forward to introduce gated imaging for measurement of the
ventricular volumes and ejection fraction.

» @%

Fig. 5. MIP (maximum intensity projection) view of a 2™ Tc-MDP mouse
bone scan study acquired with the pinhole collimator.

Slice thickness
0.3 mm
- - -

3ol

Fig. 6. Transverse views across the in vivo heart of a 21-gram mouse (non-
gated).

E. Mouse Thyroid Study

The thyroid uptake of ®™TcO, produced by a cyclotron
is compared to that of “9®TcO, produced by a generator in
two different mice. The thyroids in both mice could be clearly
identified and both images showed normal thyroid uptake. The
background pattern in the left image, °*TcO, from cyclotron,
seems to be slightly higher than that in the right image. It is un-
clear this was due to difference in ™ TcO, or in the mice.

IV. DISCUSSION

The stationary PET detector ring poses challenges as well as
opportunities for SPECT development. One challenge is that
given the desired FOV size for mouse imaging, the magnifica-
tion factor attainable is only about 2.5. As a result, the achiev-
able spatial resolution is limited by the detector’s intrinsic res-
olution, which is determined by the finite size of the PET de-
tector elements. Consequently, the PET-based pinhole SPECT
approach cannot reach as high spatial resolution as dedicated
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Fig. 7. Comparison of mouse thyroid uptakes of **™TcO; produced by cy-
clotron and by generator.

small animal SPECT systems [12]-[15]. Another challenge is
the irregular spacing of the PET detectors, which imposes an
accurate modeling of the detector response for calculating the
system matrix and proper sampling schemes for complete data
sets. A third challenge relates to the need of reconfiguring the
PET detectors and data acquisition system to acquire singles
events in an energy window of ~ 120 — 160 keV. The fully
digital data acquisition system of the LabPET™ easily allows
such settings [6]. However, calibrating the PET detectors for
measurement of lower energy radiation requires revision of the
operating conditions, including avalanche photodiode (APD)
bias and crystal identification threshold in some cases, to reduce
electronic noise and improve signal-to-noise ratio in this lower
energy range. Such optimization was not carried out systemati-
cally in the present implementation and would deserve more at-
tention for optimal detector characteristics in the future. In spite
of those limitations, the overall SPECT performance was shown
to be adequate and reliable for a large range of mouse imaging
applications. It is worth noticing that the achieved SPECT spa-
tial resolution is comparable to that achieved in PET mode with
the LabPET™ gsystem [3], which would facilitate PET/SPECT
dual-modality imaging.

We reported previously [8] that, with an energy window of
135 to 145 keV, the average count rate per crystal from LSO
crystal intrinsic activity was 0.042 Bq on a microPET Focus
120 scanner. Even taking into account the energy window width
used then was only a quarter of that used in this study, the 0.814
Bq per crystal background count measured on LabPET now
is significantly higher. Therefore it is very desirable to opti-
mize the configuration of the PET detectors and data acquisi-
tion system for acquiring singles events in the SPECT energy
window with maximum efficiency and minimum background
count rate. On the other hand, the imaging studies presented
show that the template based background correction method [8]
is proven to be also effective with very low average count rate
from the imaged subject. For example, in the mouse cardiac
study, the net count rate per crystal was about 0.012 Bq, less than
2% of the background count rate. This study also shows that
the background correction method works well with phoswich
detectors.

The major opportunity offered by the stationary PET detector
ring is that SPECT imaging capability can be implemented with
a simple compact rotational collimatorat a tiny fraction of the
cost of a dedicated SPECT system. The small capital invest-
ment also provides flexibility of utilizing different collimators
for different in vivo imaging applications. Rotation of the colli-
mator, which has been mounted on the existing rotating source
holder and was activated using the control software of the PET
scanner, is also easier to implement than the rotation of the
full detector assembly of most dedicated small animal SPECT
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system. Another advantage of a full detector ring is that a full
data set can be collected with a partial rotation of only 60° with
the current 6-pinhole collimator. PET imaging with the colli-
mator in place is another key opportunity that can be utilized
for geometrical calibration of the SPECT device [16]. The colli-
mator center-of-rotation and exact pinhole positions can indeed
be measured accurately using strategically positioned positron
point or line sources on the pinhole collimator cylinder.

Some of the helical scan parameters used in this work needs
optimization. For example, we found that the axial volume
defined by the starting and ending pinhole planes [17] is not
completely sampled at the two ends of the volume, where the
image volume reconstructed shows streak artifacts. The axial
step size, as a critical factor impacting total scan time, may be
somewhat increased without compromising image quality. In
addition, the rotational angular step size may also be increased
owing to the projection sampling in the oblique planes, which
is further enhanced by the staggered detector design of the
LabPET™, where neighboring detector rings are angularly
offset by one half-crystal. The optimal choice of parameters for
a given imaging task requires further investigation [18].

V. SUMMARY

We have developed SPECT imaging capability on a
LabPET-8 scanner with a pinhole collimator insert. Phantom
and animal studies with the pinhole collimator are presented in
this work and have demonstrated volume imaging capability
with image resolution close to the system design specifications
and comparable to the PET imaging resolution.
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