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Localization of regions with increased uptake of radiotracer in
small-animal SPECT is greatly facilitated when using coregistra-
tion with anatomic images of the same animal. As MRI has sev-
eral advantages compared with CT (soft-tissue contrast and lack
of ionizing radiation) we developed a SPECT/low-field MRI hy-
brid device for small-animal imaging. Methods: A small-animal
single-pinhole y-camera (pinhole, 1.5 mm in diameter and 12 cm
in focal length) adjacent to a dedicated low-field (0.1 T) small
MR imager (imaging volume, 10 x 10 x 6 cm?3) was used. The an-
imal was placed in a warmed nonmagnetic polymethyl methac-
rylate imaging cell for MR acquisition, which was followed
immediately by SPECT after translation of the imaging cell from
one modality to the other. 3-Dimensional T1-weighted se-
quences were used for MRI. Phantom studies enabled verifica-
tion of a low attenuation (10%) for ®*™Tc and 2°'Tl and a very
slight increase in Compton scattering due to the radiofrequency
coil and polymethyl methacrylate imaging cell. Results: SPECT/
MRI data acquisition and image coregistration of selected exam-
ples using different radiotracers for lungs, kidneys, and brain
were obtained in 3 nude mice with isotropic spatial resolutions
of 0.5 x 0.5 x 0.5 mm? for MRl and 1 x 1 x 1 mm3 for SPECT.
The total acquisition time for combined SPECT and MRI lasted
1 h 45 min. Conclusion: A low-magnetic-field strength of 0.1 T
is a simple and useful solution for a small-animal dual-imaging
device combining pinhole SPECT with the adjacent MR imager.
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Among small-animal imaging techniques, SPECT pro-
vides a unique possibility to follow and measure in vivo,
and noninvasively, the biodistribution of a 10™° molar
concentration of a wide range of radiolabeled biomolecules
commonly available in nuclear medicine departments (/).
However, one essential drawback in SPECT images is the
lack of anatomic references related to the tissue uptake of
tracer. Therefore, localization of regions with increased
uptake of radiotracer is greatly facilitated when using
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coregistration of SPECT with anatomic images of the same
animal, from CT or MRI. Over the last few years, SPECT/
CT dual modality has been widely proposed by manufac-
turers but MRI presents specific advantages compared with
CT, including lack of ionizing radiation, high soft-tissue
contrast, and sensitivity to tissue alterations evidenced by
specific imaging sequences (2,3). Yet, compared with CT,
the use of MRI for coregistration of both functional and
structural information has, to our knowledge, essentially
served to demonstrate the potential interest of using
coregistration of images after data acquisition in separate
nuclear and MR rooms. However, as experienced for rat
and mice, the strategy of pinhole SPECT followed by MRI
in a clinical scanner is a long and complicated task (4-7),
requiring a careful transfer of the animal in a specially
designed bed equipped with multimodality fiducial markers
helping in the coregistration of images (4,5). In addition,
separate dual-modality scans (followed by image fusion)
are also potential sources of misalignment of images due to
uncontrolled movements and displacements of tissues and
organs. Moreover, multiple anesthesia sessions are needed
when SPECT and MRI devices are located in separate
places, involving the risk of different biologic responses to
anesthesia (3). After early rodent MRI works done on
clinical low-field systems operating at 0.35 T (8), small-
animal MRI is now performed exclusively at very high
magnetic fields operating at values up to 14 T, in a desire to
achieve high anatomic resolution benefiting from a higher
signal-to-noise ratio but leading to field susceptibility artifacts
and preventing close proximity of the SPECT scanner (2,9).
As for PET/MRI, technical limitations for dual SPECT/MRI
systems are therefore primarily due to complex physical
interactions between the high magnetic field of the MR
device and nuclear instrumentation. Two strategies are then
possible for the design of a SPECT/MRI dual-modality
system for small-animal imaging. The first strategy is the
development of high-magnetic-field MR-compatible SPECT
inserts as was recently proposed at 7 T (/0). However, a
similar approach for MR-compatible PET inserts resulted in
the costly design of small-animal prototypes for simulta-
neous dual-modality devices working for MRI at 4.7 and 7 T
(11,12). The second strategy is the use of a low magnetic
field for MRI that could have the combined advantages of
avoiding field strength imaging artifacts and interactions
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with the SPECT instrumentation while providing sufficient
pixel resolution for an appropriate routine solution for a
small-animal dual-imaging device that would minimize
time and distance between the scans. After a previous
proof-of-concept study (/3), in this article we propose to
describe, illustrate, and discuss our practical experience in
small-animal sequential SPECT/MR image acquisition and
fusion using a coaxially back-to-back configuration of a
pinhole SPECT with a 0.1-T MRI device.

MATERIALS AND METHODS

Animal Holder and Anesthesia

All animal experiments were conducted in compliance with the
French guidelines for the care and use of research animals
(authorization 67-482-20). Mice were maintained under gaseous
anesthesia (1%—1.5% isoflurane in air) in an air-warmed (40°C),
nonmagnetic technical cell dedicated to small-animal imaging and
adapted for both SPECT and MRI devices (CTI; Minerve) (Fig. 1).
The imaging cell isolates the animal during image acquisition of
both modalities. The use of the imaging cell equipped with a single
radiofrequency (RF) transmit-and-receive coil allows an easy and
immediate transfer of the cell from one imaging system to the other
while keeping the animal in the same position. Therefore, fiducial
markers in the imaging cell were avoided in our experiments.

SPECT System and Image Reconstruction

For SPECT we used a small-animal dedicated rotating single-
head y-camera with a 1.5-mm-diameter tungsten pinhole collima-
tor and 12 cm in focal distance (Gaede). For small-animal SPECT
image acquisition, a 20% window centered on the 140-keV pho-
topeak was used, and 60 projections of 1 min over an arch of 180° in
a 128 x 128 format were obtained using a 4-cm radius of rotation
around the imaging cell. Images were reconstructed with an in-
house efficient algebraic cone beam reconstruction method based
on an algebraic reconstruction technique (ART) algorithm that
takes into account the variation of the radius of rotation and is able
to achieve an isotropic 1 X 1 x 1 mm? spatial resolution (efficient
algebraic reconstruction [EAR] method (/4)). The size of the
isotropic reconstructed voxel was 0.47 x 0.47 x 0.47 mm?3. The cost
of the complete pinhole SPECT apparatus was around $50,000.

MRI System and Design of RF Coils
MRI was performed with a small water-cooled low-field (main
magnetic field strength Bo = 0.1 T oriented vertically) open

electromagnet (Bouhnik SAS) that was previously described in

detail (15). It has a homogeneous (relative variation of magnetic
field strength AB/By = 5.1079) imaging volume of 10 X 10 X 6
cm? and maximum encoding gradients’ strength of 20 mT/m that
can be reached in <0.5 ms. RF transmit-and-receive solenoidal
coils (for whole-body or brain images) were made by adjacent
loops of a 0.7-mm-diameter copper wire rounded on a thin (0.2
mm) plastic cylinder to minimize attenuation and scattering of
v-rays during SPECT. The animal was placed from the beginning
in the imaging cell as illustrated in Figure 1 and kept in the same
position during both acquisitions. RF pulses are transmitted to
the solenoidal coil by a pickup copper coil rounded outside the
imaging cell (as illustrated in Fig. 1), which also received the
encoded MR signal. A T1-weighted 3-dimensional (3D) sequence
was developed on a SMIS (Guilford, U.K.) console to achieve
isotropic spatial resolution of 0.5 X 0.5 x 0.5 mm?3. T1-weighted
isotropic acquisitions were obtained in 42 min with echo time
(TE) = 7 ms, repetition time (TR) = 23 ms, flip angle (FA) = 60°,
128 x 64 x 48 or 256 x 64 X 48 matrix, number of excitations
(NEX) = 36, and field of view (FOV) = 64 x 32 x 32 mm? or 128 x
32 x 32 mm?3. The cost of the complete MR equipment was around
$200,000.

Combined Sequential SPECT/MRI Dual Modality

As the sizes of our 2 imaging devices (SPECT: 103-cm length
by 80-cm width and 140-cm height; low-field MRI: 72-cm length
by 72-cm width and 118-cm height) fit in a single room, and as the
5-Gauss line of the magnetic field is located at 15 cm from the sides
of the magnet, the pinhole SPECT camera was placed directly close
and coaxially to the MR magnet as well as the anesthesia equipment
without any adverse effects between them (as illustrated in Fig. 1).
After MR acquisition, the pickup coil was removed, and the
imaging cell containing the animal and the RF coil was manually
translated, on the common z-axis, from the center of the magnet to
the pinhole SPECT system and docked in <1 min.

Phantom Studies

The influence of the RF coil and the polymethyl methacrylate
tube wall of the imaging cell on attenuation and scattering of y-rays
was tested for 2 different isotopes in SPECT projection images of a
simple tube filled with 37 MBq of a solution of **™T¢ and 2°'TI,
respectively. Windows of 20% centered on 140 keV for the *°™Tc
and on 71 and 167 keV for the 2°'TI, respectively, were used. A
second phantom consisting in 3 tubes of different diameters,
described in Figure 2A and placed inside the imaging cell, was
used to set out the centering errors consecutive to the manual
translation of the imaging chamber from one imaging modality to

FIGURE 1. (A) General view of hybrid
imaging system with pinhole SPECT (a)
adjacent on a same-axis configuration to
low-field MR imager (b) and close to the
anesthesia equipment (c). Imaging cell
and animal (3) are translated along the
imaging axis (2) from the MRI device to a
single-detector pinhole SPECT device
(1). llustration shows orientation of the
vertical By main magnetic field of the MR
magnet and corresponding power supply
(4). (B) Close-up view of the nonmagnetic
imaging cell: solenoidal whole-body RF

transmit-and-receive coil (1); pickup coil (2) outside the isolating heated polymethyl methacrylate chamber (3); anesthetic gases are

delivered to animal through a dedicated mask (4).
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FIGURE 2. (A) Diagram and coregis-
trated MR and SPECT images of phan-
tom made of 3 tubes (a, b, and c) filled
with water. One inner tube is filled with
9mMTcO,2~ (b), whereas the other one is
doped with CuSQy (c). (B) Comparison of
9mTc and 201 spectra without (yellow)
and with (green) RF coil and imaging cell.
A y-logarithmic scale was used to en-
hance the slight differences observed in
Compton diffusion for both isotopes. (C)
Activity line profile of the single-tube
phantom filled with ®®mTcO42~ (left) and
the same tube rounded by the RF coil
inside the imaging cell (right). Low vy-rays’
attenuation of 10% due to RF coil (a) and
imaging cell wall is clearly visible.

the other. Only one tube of this phantom was filled with 37 MBq of
99mTcQ42~ for SPECT, whereas the others were filled with water
and water doped with CuSQOy, (2 g/L) for MR T1 contrast enhance-
ment. The T1-weighted imaging sequence defined earlier was used
for MRI. For the SPECT study, a 4-cm radius of rotation and a
1.5-mm pinhole diameter were used, and 32 projections of 1 min
were acquired over a circular 180° arch with a 128 x 128 image
matrix. Pinhole SPECT images were reconstructed using the EAR
method. Then, using AMIDE software (/6), rigid coregistration
parameters for both datasets were obtained, after identification of
common features in each image, by orthogonal x-, y-, and common
z-axis translations only and used to correct the centering errors for
the in vivo experiments.

Animal Population, MR Contrast Agent, SPECT
Radiopharmaceuticals, and Coregistration of Images
Three adult nude mice, each weighting 25 = 1 g (mean * SD),
were studied using different radiotracers to label different organs
and tissues. Pinhole SPECT immediately followed MR acquisition
in all experiments. Radiopharmaceuticals with a volume of 0.2 mL
were injected in the tail vein 10 min before beginning the MR
procedure. Corresponding activities were respectively 108 MBq of
99mTe-albumin (Vasculocis; Cis-Bio International) for lung perfu-
sion, 98 MBq of **™Tc-dimercaptosuccinic acid (Renocis; Cis-Bio
International) for kidney, and 120 MBq °°™Tc-hexamethylpropyl-
eneamine oxime (Ceretec; GE Healthcare) for brain perfusion.
Intraperitoneal administration of 1 mL of 0.1 mmol of gadoteric
acid (Dotarem; Guerbet) was used before intravenous injection of
radiopharmaceutical for MR tissue contrast enhancement. In all
examples, rigid coregistration of images was obtained applying
the set of correction values from the 3-tube phantom using the
AMIDE software (16). The total acquisition time for SPECT and
T1-weighted MR images in mouse lasted 1 h 45 min.

RESULTS

Phantom Studies

Comparison of total counts in SPECT projection images
without and with RF coil and imaging cell show a relative
low attenuation of 9.7% for ®™Tc and 10.5% for 2°'T1. The

Distance (mm)

Normalized log scale [0

200

Energy (keV) Energy (keV)

Distance (mm)

2-mm wall thickness of the imaging tube cell contributed
to 5% of the total attenuation. In addition, a very slight
increase in Compton scattering was observed in both spectra
due to the RF coil and wall thickness of the imaging cell tube
but without any influence on the counting windows (Fig. 2).
Figure 2 also shows the coregistration of SPECT and MR
images of the phantom consisting of 3 tubes.

Animal Studies

Figure 3 shows selected slices of MR T1-weighted whole-
body mouse images in which anatomic structures, such as
heart cavities, gallbladder, or vertebras, can be easily de-
scribed. Corrections of off-center misalignment of the imag-
ing cell using the 3-tube phantom data were applied before
coregistration of SPECT/MRI mouse images. Anatomic
references were then chosen on SPECT and MRI datasets
for each experiment, and a mean matching coregistration
error of 0.93 mm was measured using AMIDE software.
Figures 4, 5, and 6 illustrate the coregistration of MR and
SPECT images in the 3 orthogonal planes for the different
radiopharmaceuticals used in this study. The matching of
lung, kidney, and brain functional SPECT images on MRI
anatomic images demonstrates the practical interest of this
dual-modality system.

DISCUSSION

Spatial Resolution of SPECT and MRI

Pinhole SPECT is an intrinsic 3D imaging method with
isotropic submillimeter-to-millimeter spatial resolution cur-
rently achieved in small animals (/,/7-22). In our experi-
ments, an isotropic spatial resolution of 1 mm was obtained
by pinhole SPECT with a reconstructed voxel of 0.47 x 0.47
x 0.47 mm?3 (14,23). It is also obvious that isotropic voxel
MR images are recommended for optimal coregistration with
SPECT. We were able to achieve 0.5 x 0.5 x 0.5 mm? voxels
for MRI. They can be compared with 0.3 x 0.3 X 0.3 mm?
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voxels obtained in mice in separate studies and machines in
the only study dealing with MR isotropic voxels, even
though this study did not mention the magnetic field strength
used (6). Current MRI strategies for small animals are more
frequently based on 2-dimensional (2D) multislice acquisi-
tion instead of time-consuming isotropic volume imaging
sequences. In-plane pixel resolution ranging from 0.15 to
0.25 mm and slice thickness ranging from 0.7 to 2 mm were
obtained using clinical scanners at 1.5 T for separate SPECT
and MRI rat brain studies (4,5,7). Also, for comparison, a
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FIGURE 4. (A) T1-weighted low-field MRI coronal slice (in
gray) showing lack of signal in lungs and landmark placed
manually at apex of right lung. (B) Corresponding SPECT image
of lung perfusion (in color) and landmark placed manually at
apex of right lung. (C) Fusion of both images where anatomic
MRI-based and corresponding functional SPECT landmarks are
shown on this particular slice assessment of coregistration error
calculated as mean distance between 4 coregistered landmarks
per complete image dataset.
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FIGURE 3. Example of selected sagittal
and coronal whole-body low-field MRI
slices of a nude mouse from the whole
set of isotropic (0.5 x 0.5 x 0.5 mm3)
anatomic T1-weighted images.
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0.8 X 0.8 x 0.8 mm? voxel has been used for a whole-body
mouse MR acquisition in separate PET and MRI studies
using a 4.7-T magnetic field (24). However, SPECT/MRI
fusion studies based on nonisotropic voxels for both modal-
ities lack precision for image coregistration and fusion
because the MRI slice thickness differs from the pixel size,
even if the MR in-plane pixel resolution is improved. Our
results show that the voxel size achieved at 0.1 T is adapted
for an easy routine coregistration for SPECT functional images
with anatomic MR references. As physiologic movements of
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FIGURE 5. Selected coregistered orthogonal slices of pinhole
SPECT (®*mTc-dimercaptosuccinic acid [°®™Tc-DMSA] kidney
uptake in color) and low-field MRI (soft-tissue anatomic infor-
mation in gray) in nude mouse.
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FIGURE 6. Selected coregistered orthogonal slices of pinhole
SPECT (brain perfusion in color) and low-field MRI (soft-tissue
anatomic information in gray) in nude mouse. HMPAO =
hexamethylpropyleneamine oxime.

the animal and tissues due to circulation, respiration, and
fluid flow cannot be systematically controlled, it also seems
unrealistic to aim for MR spatial in-plane resolution below
0.2 x 0.2 mm? (25,26). Compared with high and very high
magnetic fields, dealing with the relative voxel sizes
achieved by each of the combined technologies also does
not make sense to merge SPECT data, whose spatial reso-
lutions are on the order of 1 mm?, with MR spatial resolu-
tions of 0.001 mm?3. Of course, the major, but almost only,
disadvantage of a low magnetic field compared with a high
field (proton spectroscopic information notwithstanding) is
the reduction in the signal-to-noise (S/N) ratio. However,
improvements with regard to the S/N ratio and resolution at
low magnetic field are possible by increasing the gradient
strength, which increases both voxel resolution and signal
because it shortens the echo time. The use of superconduct-
ing or copper-cooled RF coils also allows an increase in the
S/N ratio but remains questionable because of the necessity
of heating the imaging cell at the same time (27,28).

Total Acquisition Time for SPECT/MRI

In our experience, the total acquisition time of the
complete set of SPECT/MR images was <2 h. As we used
the technical imaging cell for both modalities, the manual
transfer of the animal from SPECT to MRI was effective in
about 1 min, but this translation could also be done auto-
matically as SPECT and MRI components are adjacent to
one another on the same imaging axis. The acquisition time

of SPECT images alone could also be optimized in view of
recent technical improvements—such as multiple heads’
Nal crystal detectors, multiple pinholes, or multiple semi-
conductor detectors—which can increase the sensitivity of
v-photon detection (/8-22). In our experience, total acqui-
sition times with low-field MRI were identical to the 43 min
in the experience of isotropic voxel high-field MRI used for
PET/MRI coregistration images in mice (24). Obviously,
multislice 2D MR acquisitions are faster (about 15 min, for
instance, at 1.5 T (4,5)) but, as mentioned earlier, are not
well adapted for adequate coregistration of images because
the MRI voxel needs to be resized to match the isotropic
SPECT voxel size. Moreover, 3D MRI sequences had a
better S/N ratio relative to the acquisition time than cor-
responding 2D multislice sequences, which is an advantage
when using a low magnetic field strength but at the expense
of longer acquisition times (29).

Imaging Cell for Both Online Sequential Modalities

Keeping the animal motionless was achieved by the use
of the imaging cell, allowing easy, safe, and rapid transport
of the anesthetized animal from one imager to another—
therefore, minimizing the delay between both sets of image
acquisitions. As the animal remains anesthetized in the
imaging cell from the beginning of the sequential imaging
modalities, the lack of fiducial markers inside the imag-
ing cell was not critical for coregistration of SPECT/MR
images in our experiments. It is true that we found a mean
coregistration error corresponding to the value of the spatial
resolution of the pinhole SPECT, which is the less-resolved
modality. However, use of a nonrigid spatial transformation
matrix based on grid phantoms and fiducial markers could
be easily mounted on the imaging cell to facilitate improve-
ment in the accuracy of images’ coregistration as done by
Chow et al. (30). Finally, the use of the imaging cell enables
registration of both sets of images during the same anesthe-
sia session, thus avoiding various biologic responses due to
different doses and types of anesthesia as could be the case in
completely separate acquisitions (3).

Small-Animal Control and Survey During SPECT/MRI
Dual Imaging

A specific advantage of the combined pinhole SPECT
and dedicated low-field MR imager used in this study is
that the open magnet enables, as for the pinhole SPECT, an
easy placement and a continuous visual monitoring of the
small animal during the entire imaging procedure.

Sequential Versus Simultaneous SPECT/MRI

It is recognized that within the general field of molecular
imaging there is a need for methods of coregistering MRI
with nuclear imaging modalities, but use of high magnetic
fields for simultaneous imaging (MRI and SPECT) places
important constraints on many engineering and cost aspects
of a system design as opposed to the dual device used in
this study (3,70,31). The low-field MRI system and the
MR-compatible animal holder we propose also had the
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advantages of being well adapted to an integrated coaxial
rail-based dual device or a docking and click-over modular
approach for combining sequential small-animal SPECT
and MRI (32). Recent results have shown that semicon-
ductor detectors (cadmium—zinc—telluride [CZT]) that can
be used for small-animal SPECT were also insensitive to
magnetic fields up to 7 T, leading to the development of a
prototype limited to 24 unique angular samples but opening
the way for simultaneous SPECT/MRI systems (3,10). Small-
animal truly simultaneous versus sequential SPECT/MRI
applications are actually difficult to define. This is mainly
due to the constant technologic evolution for both pinhole
SPECT and MR instrumentation to increase their sensitiv-
ities while minimizing the duration of image acquisition.

CONCLUSION

In this article we have shown that a small-animal SPECT/
MRI dual hybrid device combining a pinhole SPECT imager
adjacent to a small low-field MR imager is a low-cost po-
tential solution for anatomic and functional combination
that can be useful in molecular preclinical imaging.
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