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Abstract
Purpose—Detailed in vivo whole-body biodistributions of radiolabeled tracers may characterize
the longitudinal progression of disease, and changes with therapeutic interventions. Small-animal
imaging in mice is particularly attractive due to the wide array of well characterized genetically and
surgically created models of disease. Single Photon Emission Computed Tomography (SPECT)
imaging using pinhole collimation provides high resolution and sensitivity, but conventional methods
using circular acquisitions result in severe image truncation and incomplete sampling of data which
prevent the accurate determination of whole-body radiotracer biodistributions. This study describes
the feasibility of helical acquisition paths to mitigate these effects.

Procedures—Helical paths of pinhole apertures were implemented using an external robotic stage
aligned with the axis of rotation (AOR) of the scanner. Phantom and mouse scans were performed
using helical paths and either circular or bi-circular orbits at the same radius of rotation (ROR). The
bi-circular orbits consisted of two 360-degree scans separated by an axial shift to increase the axial
field of view (FOV) and to improve the complete-sampling properties.

Results—Reconstructions of phantoms and mice acquired with helical paths show good image
quality and are visually free of both truncation and axial-blurring artifacts. Circular orbits yielded
reconstructions with both artifacts and a limited effective FOV. The bi-circular scans enlarged the
axial FOV, but still suffered from truncation and sampling artifacts.

Conclusions—Helical paths can provide complete sampling data and large effective FOV, yielding
3D full-body in vivo biodistributions while still maintaining a small distance from the aperture to the
object for good sensitivity and resolution.
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Introduction
In vivo longitudinal biodistribution studies in mice have several benefits over traditional
methods which determine radiotracer biodistribution by sacrificing a subset of subjects at
different time points. Non-invasive longitudinal studies allow a particular animal to serve as
its own control, which may produce a more rigorous result with fewer mice. Several other in
vivo processes, such as cell migration after radiolabeling, are also most accurately assessed
with sequential imaging. Finally, information from longitudinal studies may also be highly
relevant if the effects of a novel therapy are to be assessed in a clinical trial.

Whole-body small-animal Single Photon Emission Computed Tomography (SPECT) uses
pinhole collimation for high image magnification and high spatial resolution. Pinhole
collimation has high sensitivity and high resolution when the object may be brought near the
aperture, or when there is a small radius of rotation (ROR) of the pinhole aperture (1,2), which
is afixed to the gamma camera, about the axis of rotation (AOR), which is typically centered
on the object. These characteristics have made pinhole SPECT a subject of active research for
small-animal imaging (1,3–33), including helical pinhole SPECT (15,20,21,26,27,31–33). For
tomographic image reconstruction, the inversion of the set of 2D projection images into a 3D
distribution requires that the Kirillov-Tuy (34,35) condition be met. This requires all planes
through all points in the object to intersect the path of the pinhole aperture; use of circular orbits
with pinhole collimator does not meet the Kirillov-Tuy condition. In addition, a circular orbit
may truncate a large portion of the subject mouse if high magnifications are used. Helical paths,
however, can allow the Kirillov-Tuy condition to be met while maintaining high magnification
and high sensitivity. The same sampling properties exist in x-ray computed tomography (CT).
The severity of the sampling problem, however, is much less in x-ray CT than in SPECT; the
full opening angle of the cone of photons emitted from the x-ray tube is only about 2 degrees
for x-ray CT whereas pinhole SPECT accepts photons within about a 90–120 degree cone as
they enter through the pinhole (1,15,36).

Materials and Methods
Description of System

A clinical SPECT system (Triad-XLT, Trionix Research Laboratories, Inc., Twinsburg, OH
44087) capable of circular rotation was used for all projection acquisitions. A single pinhole
collimator (focal length of 165 mm) was mounted on one out of three gamma cameras, each
of which had a rectangular field of view of 400 mm transaxially and 22 cm axially. When a
matching set of pinhole collimators (focal lengths of 200 mm) became available, all three heads
used pinhole collimation. The apertures for all studies were made from tungsten with a 1.0 mm
diameter and a 100-degree full-acceptance angle.

An external linear stage was aligned with the axis of rotation (AOR) of the scanner (Fig. 1)
with an accuracy of about 0.01 degrees (20). It moved the mouse axially while the scanner
rotated. The combined effective path of the aperture was helical (15).

Two or three pinhole collimators acquiring simultaneously provide good sampling
completeness; a single collimator does not (15). Consequently, when only the single collimator
was available, data were acquired in two passes: acquisition with the pinhole aperture
completing a 360-degree rotation beginning at (i) φ = 0 degrees and (ii) φ = 180 degrees; this
is equivalent to two-headed operation.

Phantom Studies
An ultra micro cold-disk phantom (Model ECT/DEF/UMMP, Data Spectrum Corp.,
Hillsborough, NC 27278) (Fig. 2) was imaged by acquiring data from all three heads with the
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pyramid collimators. The disk thicknesses were 1.6 mm, alternating between hot and cold disks.
The phantom was filled with about 25 mCi (920 MBq) of aqueous 99mTc pertechnetate (20%
energy window). This amount of activity is higher than often used in small-animal imaging,
but allows for high-count acquisitions that are useful for artifact identification in phantom
images; the high count rate does not impact sampling completeness, which leads to axial
blurring, but does impact image noise. A scan of 180 views/camera (256 × 128 bins; 1.78 mm
edge length) was acquired for a circular orbit in step-and-shoot mode with ROR of 34 mm,
where the ROR is measured from the AOR to the aperture plane. Each view was 20 sec. in
duration, for a total of 3600 sec. of acquisition. A second scan was acquired using a helical
path with pitch of 49 mm (the linear stage moved continuously while the scanner rotated in
step-and-shoot mode); all other parameters were the same. The helical pitch was chosen so that
the region of interest (i.e., the phantom) began the scan entirely on one side of the central plane
of the collimators (i.e., the plane perpendicular to the AOR containing the center points of the
apertures) and completed the scan entirely on the opposite side of that plane; all phantom and
mouse studies described herein similarly used the axial field of view to determine the helical
pitch. The data were reconstructed using an ordered-subset expectation-maximization (OSEM)
algorithm (37) that modeled penetrative sensitivity (9) and the penetrative point-spread
function (11). The voxels had edge length of 0.5 mm (volume of 125 microliters). A total of
10 iterations with 4 subsets were performed.

A second phantom study was performed using the same scanner and collimation, but with a
hot-rod phantom (Model ECT/DLX/UMMP, Data Spectrum Corp., Hillsborough, NC). The
phantom had 6 sectors of rods with the following diameters: 0.75, 1.0, 1.35, 1.7, 2.0, and 2.4
mm. The helical path had a pitch of 50 mm. Scanning and reconstruction protocols were similar
to the first phantom study.

99mTc MDP Mouse Bone Scan
A 30-gram mouse was injected with 7 mCi (260 MBq) of 99mTc-labeled methylene
diphosphonate (MDP) intravenously. For imaging, the mouse was induced and maintained
under general anesthesia using 2–4% isofluorane. Images were obtained within 4 hours of
injection using the single pinhole collimator. A scan of 180 views/camera (256 × 128 bins;
1.78 mm edge length) was acquired for a circular orbit with ROR of 27 mm. Each view was
10 sec. in duration, for a total aquisition time of 1800 sec. A second scan was acquired using
a helical path with pitch of 93 mm, simulating two-headed operation (See “Description of
System”). The data were reconstructed using a 80 × 80 × 240 grid of 0.5-mm-edge voxels. A
total of 10 iterations with 4 subsets were performed.

Sulfur Colloid Mouse Scan
A 20-gram mouse injected with 12.0 mCi (440 MBq) of 99mTc-labeled sulfur colloid
intravenously. Imaging was performed under general anesthesia using isofluorane as above.
Images were acquired using the three pyramidal collimators. The helical scan was acquired
with 240 views (3-degree step; 10 s/view) over two revolutions (i.e., 720-degrees; 2400 sec.
of total acquisition). The pitch was 41.5 mm/revolution; the total axial translation of the mouse
was 83.0 mm. The circular scan was completed with two revolutions and with a 27.7 mm shift
between revolutions to increase the axial field of view (FOV). The data were reconstructed
using an 80 ×80 ×240 grid of 0.5 mm voxels. A total of 10 iterations with 4 subsets were
performed.

Calculation of Average Attenuation
The average attenuation due to self-absorption within a cylinder was calculated for both circular
and helical paths for a linear attenuation constant of 0.15 mm−1 (i.e., Tc-99m in water) (38).
The average attenuation is herein defined as:
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(1)

where Nw–atten and Nwo–atten are the number of expected counts with and without attenuation,
respectively. Two source configurations were considered. The first was a thin disk source (i.e.,
cylinder with zero length). The length of the helical path for this source was determined by
starting the path as the disk (or central slice of the cylinder) enters the field of view (FOV) and
ending just as it completely exits the FOV:

(2)

where D is the diameter of the cylinder and a is the acceptance angle of the pinhole. The second
source was a cylinder with length equal to 2L. The circular orbit was centered on this source
whereas the helical path covered the central region from −L/2 to L/2.

Results
The reconstructions of the cold-disk phantom are shown in the top row of Fig. 3 (Left: helical
path. Right: circular orbit). In the lower row, the activity profiles for the central sagittal slices
of the helical path (left) and the circular path (right) are shown. This phantom demonstrates
the axial blurring that occurs for circular orbits. Only the central three hot disks can be
visualized. The first non-central disks show blurring as can be seen from their reduced
magnitudes in the profile. With the helical path, there is no evidence of axial blurring (Fig. 3,
left). The profile shows very good separation of these 1.6 mm-thick disks and a very uniform
magnitude for them throughout the phantom. Importantly, quantitative accuracy is improved
compared to the circular orbit.

In addition, this demonstrates truncation artifacts for circular orbits at the outer edges of the
disks furthest from the center (Fig. 3; top right). This artifact is due to the proximity of the
pinhole to the phantom, which helps to achieve good resolution and sensitivity, but reduces
the FOV. Using the helical path (Fig. 3, top left), there is no evidence of truncation artifacts in
the reconstruction, even though individual raw data projections are truncated. This is because
there is complete information in the data set for the volume of the cylinder.

Fig. 4 shows transaxial slices of the hot-rod phantom. The left image shows the central slice,
which is 0.5 mm thick. The right images show 10 central slices (5.0 mm thick) added to reduce
noise. Both images are for 10 iterations All sectors have distinguishable rods; the smallest
sector has 0.7 mm-diameter rods.

The reconstructions of the mouse bone scan are shown in Fig. 5. The reconstructions are shown
for two-head helical (left), one-head helical (center), and one-head circular (right). The single-
headed acquisition (center) demonstrates the effect of incomplete sampling with blurring in
the posterior skull. The circular orbit shows less blurring in this area, but blurring is present in
the vertebral bodies of the lower thoracic spine at the inferior edge of the FOV.

The reconstructions of the sulfur colloid scans are shown in Fig. 6. The helical scan is shown
on left. To the right of the helical scan is the bi-circular scan. The two scans on the right are
the individual circular scans. On the bi-circular scan, blurring and truncation artifacts are seen
at the superior and inferior edges of the FOV (superior skull and inferior tail vertebral bone
marrow). On the circular scans, these artifacts are again apparent at the edges of the FOV.
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Incidentally seen is activity within the blood pool, probably due to relatively large amount of
sulfur colloid that is incompletely extracted by the mouse reticuloendothelial system. Faint
lung, major abdominal vessel (aorta and inferior vena cava), kidney and bladder activity are
also seen in the lateral projections of the supplemental image in cine format.

The average attenuation results are plotted in Fig. 7. The top row shows results from a thin-
disk source. This source is centered on the plane of the pinhole aperture. For the helical path,
the plane enters and leaves the field of view. The bottom row shows results for a long cylinder.
The cylinder’s length is twice that of the helical-path’s axial translation; this length makes it
sufficiently long that the source is always axially truncated in both directions.

Discussion
Using a small ROR with pinhole SPECT improves resolution and sensitivity. However, using
only a circular orbit yields axial blurring and a reduced FOV. These problems are mitigated
with helical paths.

Pinhole SPECT allows both high sensitivity and high resolution for small objects when the
ROR is small. These improvements are due to high magnification, which reduces the axial
FOV. The use of helical pinhole SPECT provides complete sampling over an extended axial
range, while allowing for high resolution and high sensitivity. Further, helical orbits can be
adjusted to give longer view times near the region of interest and shorter view times outside
that region to improve counts where desired, but to reduce blurring artifacts. On the other hand,
a circular orbit can provide higher average sensitivity if the axial FOV is small because the
entire FOV remains visible to the scanner throughout the acquisition and the axial-blurring
artifacts are small within that narrow FOV. Some scanner’s, such as U-SPECT-1 (41), focus
numerous pinholes from different axial planes over a small FOV. This can give large sensitivity
over this small FOV and it can give good axial sampling.

The use of helical paths does not preclude good transverse resolution as demonstrated by Fig.
4. Even a single transverse slice shows good resolution: all sectors including the 0.7 mm-
diameter rods are resolved.

The choice of helical pitch is important for obtaining complete sampling over the entire field
of view. Generally, our approach is to determine the axial travel needed by the stage so that
the entire object crosses the central plane of the collimation during the scan. The motivation
for this approach is the sampling rule of Tuy (35): all planes through the object must intersect
the path of the pinhole apertures. It is possible that this pitch can be too large to yield complete
sampling since the scan would out-run the Tam window (39). It is straight forward to determine
the maximum pitch when a single camera is used, based on the Tam window; that pitch is twice
the ROR times the ratio of the axial length of the detector to the collimator’s focal length. It is
less clear when multiple detectors are used, but multiple detectors always improve sampling.
Numerical methods can be used to evaluate the maximum pitch that gives complete sampling
in the case of multiple collimators (40). The choice of the number of steps yields a tradeoff
between axial resolution and live time (i.e., the amount of time acquiring data rather than
rotating the system) (31). We have generally found 120–180 steps to be a good overall choice
for balancing live-time with the requirements for good axial and transaxial resolution.

Implementation of helical pinhole SPECT is relatively inexpensive (∼$30,000 (21)) if a
general-purpose SPECT scanner can be used. Pinhole collimators can be mounted on this
scanner. A robotic linear stage can be purchased and aligned using published methods.
Reconstruction is possible with suitable iterative algorithms that have been generalized for
helical paths.
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With the use of a mouse holder, the robotic stage provides a convenient mechanism for
positioning the subject for both circular and helical scans. The holder is easily aligned with the
axis of rotation. When setting up a scan, there is no need to adjust the transaxial dimensions.
The axial dimension needs to be adjusted depending on the scan type and the size of the animal.
However this is relatively straight forward since it is the only dimension that needs to change
from mouse to mouse.

The pursuit of high resolution and high sensitivity in pinhole imaging inherently conflicts with
complete-sampling properties. As the ROR is decreased to improve both sensitivity and
resolution, the sampling completeness worsens (15). Helical paths of pinhole apertures allow
the improvements in sensitivity and resolution that are achieved with small RORs to be
complemented with complete sampling over an extended axial FOV. The cost of helical paths
compared with circular orbits is that complete sampling is gained at the expense of central-
plane sensitivity.

Fig. 7 shows that helical-path and circular-orbit pinhole SPECT have different attenuation
properties. The top row of the figure shows that if one considers only a narrow axial slice, there
is reduced attenuation for circular orbits, compared with helical paths. The reason for this is
that the photons for the circular orbit remain in the plane of the source, compared with those
photons for the helical path, which also have an axial component. That axial component
increases the path length in attenuating material, increasing attenuation. In contrast, when one
considers a long cylinder as the source, there is reduced average attenuation for the helical path
since the pinhole has higher sensitivity when it is near a point, which is also when it has low
attenuation.

Conclusion
When the ROR is reduced in pinhole SPECT, higher sensitivity and resolution are achieved.
However, there is severe axial bluring and truncation in reconstructions of circular orbits.
Helical paths decrease axial blurring and increase the effective FOV while maintaining a small
ROR; this can produce more quantitatively accurate whole-body biodistributions in small-
animal imaging while maintaining high resolution and sensitivity. Helical pinhole SPECT is
a feasible method to obtain high sensitivity and resolution whole-body imaging overcoming
the limitations of truncation and limited field of view from circular orbits.
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Figure 1.
Photograph of scanner with aligned linear stage, but with only one box-type pinhole collimator.
The laser, which is behind the scanner, is used to align the stage with the axis of rotation.
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Figure 2.
Ultra Micro Cold-Disk Phantom. The disks and spacing are 1.6 mm thick and 22 mm in
diameter.
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Figure 3.
Central sagittal slice of reconstructions (top) with their profiles (bottom) for helical (left) and
circular (right) scans. The horizontal line segment indicates the region of the profile. Circular
orbit (right) shows truncation artifacts (upper right) and quantitative innaccuracies (lower right)
due to incomplete sampling.
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Figure 4.
Reconstructed transaxial slices of the Data Spectrum Corp. ECT/HOT/UMMP phantom. The
phantom has six sectors of hot rods with diameters: 0.75, 1.0, 1.35, 1.7, 2.0, and 2.4 mm. The
left image is for 1 slice (0.5 mm thick); the right image sums 10 slices (5.0 mm thick). Both
images are for 10 iterations.
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Figure 5.
Reprojections of 99mTc MDP SPECT mouse bone scan using two-camera helical (left), one-
camera helical (center), and one-camera circular (right) aperture paths. Clear delineation of
small individual structures such as ribs is possible by using helical paths.
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Figure 6.
Reprojections of 99mTc sulfur colloid SPECT mouse scan. (A) Helical path, (B) circular orbit
combining 2 fields of view, (C) circular orbit of the upper FOV, and (D) circular orbit of the
lower FOV. Helical acquisition demonstrates preservation of spatial resolution and lack of
artifacts at the periphery of the circular orbit fields of view. The bone marrow activity in the
skull and tail are clearly seen on the helical-path acquisition, but are not visualized on the
circular orbits. The three-dimensional structural relationships and definition of bone marrow
within small structures (skull, femur and tibia) are best seen on the lateral re-projections. (Please
see supplemental cine showing all re-projections in movie format). BP=cardiac blood pool;
BM= bone marrow within the tail vertebra.
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Figure 7.
Average attenuation over a this disk (top) and a cylinder (bottom) for helical paths and circular
orbits. Results are shown for the average over the entire region (left) and also as a function of
radial position (right) for diameters of 20, 40, 60, 80, and 100 mm; the arrow indicates that the
diameter is increasing for the curves as the attenuation increases. Average attenuation for a
mouse (approximately 20–25 mm in diameter), is typically less than 15%. Note that helical
and circular orbits have comparable attenuation for small animals.
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