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Abstract—We report on an approach toward the development
of a high-resolution single photon emission computed tomography
(SPECT) system to image the biodistribution of radiolabeled
tracers such as Tc-99m and 1-125 in unrestrained/unanesthetized
mice. An infrared (IR) based position tracking apparatus has
been developed and integrated into a SPECT gantry. The
tracking system is designed to measure the spatial position of a
mouse’s head at a rate of 10-15 frames per second with sub-
millimeter accuracy. The high resolution, gamma imaging
detectors are based on pixellated Nal(TI) crystal scintillator
arrays, position-sensitive photomultiplier tubes and novel readout
circuitry requiring fewer ADC channels while retaining high
spatial resolution. Two SPECT gamma camera detector heads
based upon position sensitive photomultiplier tubes have been
built and installed onto the gantry. The IR landmark-based pose
measurement and tracking system is under development to
provide animal position data during a SPECT scan. The animal
position and orientation data acquired by the tracking system will
be used for motion correction during the tomographic image
reconstruction.

I. INTRODUCTION

FOR nearly fifteen years researchers have used single
photon emission computed tomography (SPECT)
systems for animal studies. Much of the early work focused on
the use of clinical systems fitted with pinhole collimators. In
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1991, a group at Massachusetts General Hospital [1] used a
clinical gamma scanner configured with pinhole collimators to
study blood flow in rats and hamsters. Weber et al. [2] and
Jaszczak, et al [3] describe a pinhole SPECT using a single
pinhole collimator attached to a clinical single head SPECT
scanner. Ishizu et al.[4] report using four pinhole collimators
attached to a standard clinical four-head SPECT scanner.
Since these early works were presented, numerous researchers
have developed systems with increasing resolution and
sensitivity. The maturity and availability of SPECT tracer
compounds has facilitated the acceptance of this technology.
In research hospitals where clinical SPECT systems are readily
available, pinhole collimation provides an excellent means for
obtaining the requisite resolution for laboratory animal studies.

For researchers without access to clinical systems, however,
there has been interest to develop dedicated animal systems.
One of the first to do this was Dilmanian et al. [5] who
reported on the development of a high resolution micro
channel plate based SPECT system to image 1-125 in rats and
mice with a spatial resolution of 1 mm FWHM. Development
of small animal systems was aided significantly by the
development of position sensitive photomultiplier tubes
(PSPMTSs), and virtually all dedicated animal SPECT systems
employ some form of PSPMT. We have constructed imaging
systems based upon PSPMTs coupled to pixillated scintillator
arrays for small animal studies [6, 7]. Schramm reported an
animal SPECT apparatus which used a single large area
PSPMT, a continuous Nal(TI) crystal and a parallel hole
collimator[8]. In 2001, a group at the National Institutes of
Health [9] demonstrated the use of a PSPMT based system for
both SPECT and PET studies of laboratory animals.

The success of these laboratory programs precipitated the
development of the first dedicated commercial laboratory
animal SPECT system [10, 11] that employs PSPMTSs coupled
to arrays of pixilated scintillator crystals and pinhole
collimators.

Researchers have acquired in vivo images of transporter and
receptor distributions in small animal models such as rats and
mice [12, 13], and have also focused specifically on the brain
using PET and SPECT [14, 15]. These studies are limited,



however, by the necessity of using anesthetic or physical
restraint during image acquisition. Both methods of restraint
have the potential to alter the neurological and physiological
processes being studied [16]. Two groups have developed
surgically implanted scintillator based probes to measure the
uptake of radiolabeled tracers in the vicinity of the implanted
intracerebral microprobes for anesthetized and unanesthetized
rodent studies [17, 18]. Others are pursuing a PET based
system to image the brain of an unanesthetized rat by use of a
miniaturized PET detector intended for attachment to a rat’s
head but requiring a counter balance to offset the weight of the
detector [19].

All of these techniques require a potentially intrusive
manipulation of the animal. Oak Ridge National Laboratory
(ORNL) and Thomas Jefferson National Accelerator Facility
(JLab) in collaboration with Royal Prince Alfred Hospital and
Johns Hopkins University are developing a new methodology
for imaging unrestrained animals. With this methodology the
animal position is recorded during gamma-ray image
acquisition and the gamma-ray data is reconstructed into a
fixed reference frame taking into account the time-varying
animal orientation. Our goal is to develop a system to acquire
high-resolution SPECT images of the head region of an
unrestrained, unanesthetized mouse and to register these image
volumes with previously acquired microCT data sets of the
same mouse. The animal will be anesthetized during the
microCT data acquisition. The obtained microCT images will
serve as a reference frame for the SPECT data. An infrared
(IR) based tracking system provides the position and pose of
the mouse’s head during the imaging session.

The purpose of this paper is to describe the approach,
design and construction of a SPECT based system utilizing
mouse tracking. To illustrate the various components we will
provide examples of the operational performance of the
different sub-systems.

Il. IMAGING CONCEPT

Two major systems are involved in our imaging concept: a
microCT system to obtain an anatomical image of the animal
and a specialized SPECT gantry equipped with an animal
tracking system. The ORNL microCT scanners have been in
operation for approximately five years and have been used for
many studies including secondary (AA) amyloidosis models,
tumor models, obesity models, models of skeletal
abnormalities and a number of mutant strains [20, 21, 22].

For this project we have designed and built a SPECT gantry
that has an IR based tracking system integrated to it. The
gantry has been constructed in which at the center of rotation
is a 3 cm diameter cylindrical mouse burrow (see Fig. 1).
Unrestrained mice will spend extended periods of time in
small tubes that serve as burrows [23].
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Fig. 1. Diagram of gantry layout.

The approach we are taking is the development of an
imaging system designed such that during an imaging session,
the gamma camera image acquisition, the IR optical tracking
system and the gantry control are each controlled by a separate
desktop computer. Gamma event data, optical tracking data
and gantry position data are all stored on their respective
computers each with a time stamp obtained from a common
external clock. The data files are later used to reconstruct
SPECT images to the small animal reference frame (SARF)
based on a previously obtained microCT of the animal. The IR
tracking system consists of two high-speed CMOS cameras
that are mounted harizontally on a platform facing the burrow.
Infrared LED arrays and beam splitters are mounted in front of
the cameras to illuminate the animal.

I1l. SPECT SYSTEM

Two gamma cameras based on position sensitive
photomultiplier tubes (PSPMTs) were constructed. The
detector heads are placed opposite each other on the gantry.
One is equipped with a parallel hole collimator and the other
with a pinhole collimator.

The SPECT detector heads are based on the Hamamatsu
R2487 PSPMT. The R2487 is a crossed wire anode PSPMT
that has 18X and 17Y anodes and an active area of 7.5 cm x
7.5 cm. The PSPMTs are coupled to Nal(Tl) arrays obtained
from Saint Gobain (Newbury, OH) in which the crystal
elements are 1 mm x 1 mm x 5 mm in size. There is a 0.25 mm
septum between each element.

The detector head housing was constructed of tungsten to
shield the 140 keV gamma-ray emissions of Tc99m. The
parallel collimator is lead foil, hexagonal holes in a hexagonal
array in which the openings are 1.1 mm flat-to-flat in size. The
septa are 0.17 mm thick and the collimator thickness is 24.5
mm. The sensitivity of the system with the parallel hole
collimator is 280 cpc/uCi. See Fig. 2 for a photograph of the
R2487 based detector heads.



Fig. 2. Photograph of the detector heads in tungsten bodies. The detector on
the left is fitted with the white pinhole fixture. The detector head on the right
has the parallel hole collimator removed.

The readout circuitry was accomplished by making use of a
subtractive resistive readout of the crossed wire anodes which
we have described elsewhere [24]. The 18X and 17Y anodes
were connected together in a subtractive readout fashion
resulting in four channels to readout per detector head

The data acquisition system for the gamma cameras consists
of one 16 channel ADC cards (Datel, Inc., Mansfield, MA), a
discriminator circuit, a millisecond clock to timestamp the
gamma-ray data, and a 10 millisecond clock used to
synchronize the gamma-ray data with the mouse motion data.
This Datel (model PCI-416L) PCI computer card is a sixteen
channel, 12 bit simultaneous sample-and-hold ADC card with
5 volts input amplitude range. The 16-channel ADC cards and
the millisecond clock are located in a PC that is used to control
the gamma camera data acquisition system. The discriminator
circuit and 10 millisecond clock are external to the PC. For
every triggered event a 12-bit digital signal is transferred to
system memory for each ADC channel two at a time, in a 32-
bit word. The raw gamma-ray data, the calculated position and
energy information, the millisecond clock data, and the 10
millisecond data are all saved within the event data file for
post-processing and analysis with the IR acquired mouse
motion data. The KmaxNT development software package
from Sparrow Corporation was used to develop software to
control the acquisition. This control software generates an
image by processing the raw anode data on an event by event
basis. The data acquisition system and event structure in
described in more detail in [25].

IV. MOUSE POSITION TRACKING SYSTEM

In clinical nuclear medicine imaging the implementation of
position tracking has been pursued to reduce the affect of
patient movement on image quality. Position tracking using a
commercial optical system for three dimensional position and
orientation measurements requiring a head apparatus has been
reported [26, 27]. Others have developed systems to perform
optical tracking of surface motion without rotation using a
stretchable garment with color patches [28]. Tracking using a
commercial mechanical tracking system unsuitable for
automated measurements has been reported [29]. In addition,
several groups have worked on motion correction using

SPECT data without an external position measurement system
[30, 31, 32].

In our approach, the tracking system is based on IR imaging
of extrinsic markers and is composed of two high-speed
infrared cameras mounted horizontally on a platform facing
the tubular burrow in which the animal is unrestrained while
being imaged [33]. Infrared LED arrays and beam splitters are
mounted in front of the cameras to coaxially illuminate at least
three hemispherical retro-reflective markers placed on the
mouse’s head. The markers are spherical with a small flat spot
on one side so that it is suitable for attaching to the body. In
Fig. 3 is a diagram illustrating the placement of the IR LEDs
and stereo camera pair.
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Fig. 3. Schematic of tracking system. The placement of the stereo camera
pair is shown in which the mouse with retro-reflectors is illuminated by IR
LEDs through half-silvered mirrors..

Two cameras in a stereo approach are used to measure 3D
point locations of markers located on the animal’s head. The
markers are retro-reflective and require that the IR
illumination be directed parallel along the optical axis of the
camera. Since the IR markers are retro-reflective, the light has
to travel along (and parallel to) the camera’s optical axis so
that the reflected light will reflect directly back through the
camera’s optics. The retro-reflective markers appear as bright,
non-uniform areas in the acquired image. Segmentation of
these markers and calculation of their centroids is
accomplished in two steps. First, a conservative threshold is
applied to the image to ensure that at least the brightest portion
of each marker is identified. Second, these segmented pixels
are used as seed points for a 2D region-growing algorithm that
contiguously expands the marker areas to cover the entire
marker area. The centroid is then calculated for each of the
connected regions. The approach for accurate measurement
requires that both intrinsic and extrinsic calibration be
performed for each camera [34]. Finally, the coordinate
transformation between cameras is calculated.



V. OPERATIONAL EXAMPLES

The gantry at ORNL with the IR based animal tracking
system was equipped with the two gamma cameras. Initial
tests of the gantry system in SPECT mode of operation using
the gamma cameras has been completed using phantoms and
mice. The IR based optical system using extrinsic IR markers
has been tested with phantoms and live mice. The
development and testing of the software for the merging of the
gamma camera based imaging data with the IR tracking data
has been achieved with phantoms.

A. SPECT Operation

The detector heads were used to develop and test the IR
tracking system and to perform SPECT studies to validate the
gantry and SPECT projection acquisition. No SPECT
reconstruction has been yet done of any moving object or
mouse. We have used the SPECT system to obtain SPECT
reconstruction of immobile mice, An example of a SPECT
mouse study using a dead mouse is shown in Fig, 4. Shown is
the result of a 1-125 labeled antibody imaging study were
obtained by merging a microCT and reconstructed slice.

Fig. 4. Merged CT and SPECT image of dead mouse with a I-125 labeled
Serum amyloid P component (SAP). The specimen was obtained from John
Wall at University of Tennessee.

B. Gamma Planar Imaging with IR Position Correction

The accuracy of the tracking system was tested using three
IR reflectors on a plastic phantom. By using a micrometer
measurement stage we tested motion tracking accuracy in all
six degrees of freedom: axially (along the axis of system
rotation), transaxially in x and y (horizontal and vertical
relative to axis of system rotation) and angular motion (roll,
pitch, and yaw). Results are shown in Table I.

TABLE |
TRACKING SYSTEM ACCURACY

Direction Actual Distance Measured
Translational (mm)
Z (axial) 12.7 12.73
X (transaxial) 10 10.02
Y (transaxial) 10 9.94
Orientation (degrees)
roll 6 5.6
pitch 5 55
yaw 6 5.8

In Fig. 5 is an example of a test of the software to do a
simple motion correction. In this example we obtained a set of

planar images in which we tracked a moving Americium 241
calibration source. The linear motion in one plane of a point
source in a plastic tube with IR retro-reflectors attached was
tracked while simultaneously collecting a gamma planar
image. Time correlated list mode data containing the tracking
coordinates and the gamma imaging data acquired from the
gamma cameras equipped with the parallel hole collimator
were obtained of a moving radioactive phantom. In the top-left
panel in Fig. 5. is an image of the phantom acquired at two
locations separated by 10 mm or “wiggled” back an forth over
a distance of 12 mm.

o) 100 200 300

Fig. 5. Planar images of Americium 241 point source moved to different
locations while being imaged by the gamma cameras and the IR tracking
system. Profiles are of a vertical line through the center of the source image.



The top-right panel is the corrected image obtained by re-
parsing the imaging data based on the tracking information.
The bottom-left is an image of the phantom wiggled back and
forth over a 12 mm linear distance and the bottom right is the
corrected image. Gamma camera and IR tracking data were
taken continuously in list mode and then post processed.

C. Live Animal Test of Tracking Concept

The tracking system has been tested with live mice and the
position coordinates of a mouse’s head was successfully
tracked (see Fig 6). In these tests, a set of three retro-reflective
markers are glued to the upper portion of the head, two above
the eyes and one near the end of the nose. The mouse was then
placed in a 42 mm diameter clear Pyrex glass tube, one end of
which is enclosed and rounded for viewing by the tracking
cameras.

For the live tests thus far, the mice have been generally at
rest and movements have been limited to about 15 mm in any
direction. In the example shown in Fig 6, the mouse was
tracked continuously for approximately one minute. In the
right panel of Fig 6, the three intense regions are the images of
the IR retro-reflectors from one of the two IR CMOS cameras.
The green numbers and outlines show the result of the tracking
segmentation algorithm acquiring the moving IR illuminated
markers.

Fig. 6. (Left) photograph of the mouse with IR hemispherical retro-
reflective markers attached to the its head. (Right) Single frame from one of
the two IR CMOS cameras.

VI. DISCUSSION AND FUTURE DIRECTIONS

We have demonstrated that our imaging approach of
tracking the head position and the acquisition of gamma
projection images of a mouse confined to a burrow in which it
is free to move, from a technological standpoint, appears
promising. Our use of three separate computers generating
three different list mode time tagged gamma, projection, and
mouse position data has shown to be a reasonable approach.
We are pursuing SPECT phantom studies with a moving
phantom. No SPECT reconstruction has been yet done of any
moving object. The true test will come when unrestrained mice
are tracked during a SPECT scan. It is clear that the 5 cm x 5
cm active areas of the gamma cameras provides an
unacceptable limited field of view (FOV) to fully facilitate
tracking. To address this we have begun replacement of the
existing gamma cameras with larger detector heads. We are
also investigating an additional method of tracking the mouse
that does not require the attachment of extrinsic markers on the
animal and uses intrinsic features of the mouse’s anatomy.

A. Larger FOV Detector Head Development

Two 10 cm x 20 cm SPECT gamma camera detector heads
based on 4 x 8 array of the Hamamatsu R8520-C12 (2.5 cm x
2.5 cm; 6X x 6Y anodes) PSPMTs have been built and are
being integrated into the gantry. In Fig. 7 is a photograph of
the array of PSPMTs mounted to the front end electronics
circuit board.

Fig. 7. Photograph of 10 cm x 20 cm detector head based on a 4 x 8 array of
R8520-C12 PSPMTs.

The readout circuitry for the 32 R8520-00-C12 PSPMTs
which make-up the array of the PSPMTs uses a similar
subtractive technique as used with the R2487. The anode
signals are fed into a resistive array. The resistive array
consists of a linear chain of resistors on the X and Y
coordinates resulting in 24 channels in the X coordinate and
48 in the Y. The signal from this chain is picked off at the
coordinate ends and between each PSPMT row or column to
produce 5X and 9Y readout channels for each detector head.
Please see Fig. 8 for a schematic of a portion of the readout
circuit in which the inter connection and readout of two of the
32 PSPMTs is shown.

1
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Fig. 8. Schematic of a section of the readout circuit showing two of the 32
PSPMTs to illustrate the manner in which the signals are picked off at
coordinate ends and between PSPMTSs.

The array of PSPMTs is coupled to a Nal(TI) array obtained
from Saint Gobain in which the crystal elements are 2 mm x 2



mm x 15 mm in size with a 0.25 mm septa. The detectors
extend axially so that the entire animal can be imaged on a 10
cm wide x 20 cm long scintillator array. The detector heads
can be equipped with either parallel hole or pinhole
collimators.

With the planned parallel hole collimators and the intrinsic
position resolution of these detectors being limited by the 2.25
mm step of the elements of the scintillator array the expected
position resolution will be on the order of 3 mm FWHM at a
distance of 1 cm from the collimator face. The expected
sensitivity will be 378 cpm/uCi. To facilitate the imaging of
small features we plan to use pinhole collimation. The highest
resolution small animal SPECT studies have previously been
reported to be accomplished with pinhole collimation [35, 36,
37]. Pinhole collimation permits high resolution SPECT
imaging of small animals close to the pinhole aperture.
Sensitivity is generally more than an order of magnitude less
than that for small animal PET, which has led to efforts to
employ multipinhole collimation to improve count rates [38
and 39]. The feasibility of multipinhole collimation with
projection data overlap for the estimate of activity distribution
in a small animal such as a mouse is currently not well
understood.

In order to investigate the possibility of improving system
sensitivity for pinhole collimators the detectors we are
investigating multipinhole collimation with image overlap for
our application [40, 41]. We have described in [42] the design
and construction of multipinhole collimators to image the
mouse at different positions inside the burrow.

B. Tracking Intrinsic Features

We are also investigating using a triangulation technique
called profilimetry [43] to track intrinsic features on the body
of the mouse rather that externally attached markers. The
profilimetry system consists (1) of two lasers (near infrared,
732 nm) with diffractive optics that form the laser beam into a
line and (2) the same two 512x512 CMOS element sensor
cameras used for imaging the retro-reflectors. The laser line is
projected onto the object of interest while the object moves
beneath the laser, normal to the laser line. The camera
continuously images the object as the projected laser beam
scans the object’s surface. The triangulation algorithm, which
extracts the object height based on the shape of the projected
laser profile is directly programmed into the CMOS sensor of
the camera. This allows the height information to be extracted
at a maximum rate of 2000 lines per second. The two
laser/camera combination units are used to image opposite
sides of the animal, resulting in a nearly complete surface of
the whole animal.
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