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Quantitative functional normal data should be a prerequisite
before applying SPECT in murine models of cardiac disease.
Therefore, we investigated the capability of in vivo pinhole gated
SPECT for establishment of a reference database for left ven-
tricular myocardial perfusion, volumes, and motion in normal
mice. Methods: A small-animal dedicated pinhole y-camera
with a field of view of 17 cm and a focal distance of 12 cm was
used with a 1.5-mm pinhole and a 2.5-cm radius of rotation.
Phantoms were designed to test spatial resolution and micro-
volume measurements of accuracy. Eight adult normal mice
(CD1) were studied using a heated mixture of air (0.3 L/min) and
1.5%-2.5% isoflurane for anesthesia. For myocardial perfusion,
350-450 MBq of ¥mTc-tetrofosmin were used in 0.15-0.25 mL.
Gated acquisitions (8 or 10 time bins per cardiac cycle) were
obtained using a 180° circular arc and 48 anterior projections of
300 R-R intervals. Image reconstruction was done using a
specific Algebraic Reconstruction Technique (ART) cone-beam
algorithm. For quantification, reconstructed images were pro-
cessed using standard nuclear medicine software. Results:
Millimetric spatial resolution and volume calibration linear rela-
tionships (2 = 0.99) in the 10- to 100-p.L range were obtained in
phantoms and used to scale in vivo volume values. In mice, left
ventricular perfusion was lower in the apex (65% * 6%) versus
lateral (72% = 5%), inferior (74% =+ 5%), septum (75% *+ 4%),
and anterior (74% = 2%) walls. The left ventricular ejection
fraction was 60% =+ 9%, end-diastolic volume was 50 * 8 pL,
end-systolic volume was 20 + 6 pL, stroke volume was 29.5 +
6 pL, and cardiac output was 9.6 = 1.6 mL/min. Wall thickening
was higher in the apex (47% =+ 12%) versus lateral (30% * 9%),
inferior (33% = 8%), septum (37% = 10%), and anterior (33%
+ 10%) walls. Conclusion: This work shows that in vivo pinhole
gated SPECT can be used for assessment of left ventricular
perfusion, volumes, and cardiac function in normal mice.
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Because of their genetic similarity to humans, mice are
used as transgenic models in which genetic alterations de-
fine the disease phenotype. However, because of the small
size of the animal (~30 g), noninvasive in vivo molecular
imaging techniques capable of delivering morphologic and
functional myocardial data in cases of cardiovascular phe-
notyping need to be adapted to the millimeter-sized struc-
ture of the mouse’s heart and the corresponding high heart
rate (~400-500 bpm). High-frequency ultrasound imaging,
which is easy to handle for screening and longitudinal
investigations, is able to acquire selected 2-dimensional
(2D) slices in real time with high spatial and temporal
resolutions well adapted for morphologic and mechanical
functional data (/) and, more recently, 3-dimensional (3D)
volumes but with less spatial and temporal resolutions (2).
In the same way, high-magnetic-field MRI techniques are
more time consuming but able to vary high spatial resolu-
tion for volumes and motion at the expense of less temporal
resolution (3). However, these techniques lack the sensitiv-
ity for tissue functional metabolism viability. For this rea-
son, radiotracers and nuclear imaging techniques are poten-
tially useful (4). Small-animal PET systems have been
developed and used for cardiac imaging in small animals
but there are some intrinsic limitations due to the random
walk of positrons, which, in turn, limits the finest spatial
resolution between 1.2 and 2 mm (5,6). On the contrary,
micro SPECT, based on pinhole collimators of a very small
aperture and a camera small radius of rotation, offers the
advantages of being capable of submillimeter or millimeter
spatial resolution without too much expense in sensitivity
(7—11). It is also obvious that cardiac nuclear imaging of
mice needs a good temporal resolution if ventricular wall
motion is considered. In this respect, and compared with the
high sensitivity of small-animal PET, myocardial perfusion
SPECT radiotracers at physiologic equilibrium permit long-
time electrocardiographically (ECG) gated acquisitions due
to long half-lives of the single-photon vy-emitters used
(?IT1, *mTc¢), leading to a sufficient signal-to-noise ratio
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despite the low sensitivity due to the small aperture of the
pinhole.

However, gated micro SPECT of the mouse’s heart is
difficult to achieve using a commercial y-camera because of
difficulties in lowering the rotation diameter and ensuring
an accurate center of rotation (COR) during acquisition
despite correction COR software that is used for preprocess-
ing of the images but that is not adapted to the pixel
resolution needed (/2). Care must also be taken for mouse
position, anesthesia, and temperature to ensure both a mo-
tionless and a stable heart rate during long-time acquisition
(4). These difficulties explain why only one group, to our
knowledge, has presented a study of nongated myocardial
perfusion SPECT in a murine model of permanent coronary
occlusion (9) and one case of perfusion gated SPECT (with
8 time bins per cardiac cycle) in a normal mouse, using a
human stationary y-camera and a rotating vertical mouse
holder, illustrating the potential of the technique (8). There-
fore, dedicated micro SPECT devices should be able to
answer not only the technical and practical problems of in
vivo routine cardiac mouse nuclear imaging but also the key
question of data quantification needed for longitudinal car-
diovascular phenotyping (/3). The aim of this study was to
demonstrate that a reference-quantified database of left ven-
tricular (LV) wall perfusion distribution, ejection fraction,
volumes, and motion could be obtained in a series of normal
mice using ECG gated SPECT with a dedicated system and
the use of standard cardiac nuclear medicine software.

MATERIALS AND METHODS

Micro SPECT System Description and Mouse Holder

We used a small-animal single-head dedicated y-camera (Gaede
Medizinsysteme GMBH) with a 6.5-mm Nal(T1) crystal equipped
with 25 photomultipliers and a small field of view of 17 X 17 cm.
The camera was equipped with a pinhole collimator of 12 cm in
focal length and a lead insert of 1.5 mm in diameter. The camera
and the corresponding counterweight were mounted on a rotating
gantry allowing, with a reduction screw, the manual adjustment of
the distance between the pinhole and the axis of rotation in a range
of 1-10 cm with 0.1-mm accuracy (Fig. 1). The computer-driven
circular rotation of the camera permitted testing of the accuracy of
the COR, and preprocessing correction was applied on the projec-
tion images before tomographic reconstruction using the line
source method as described (/0).

We designed a 4-cm-diameter acrylic cylindric holder that
keeps the mouse horizontal and that is open within the thorax to
minimize, as much as possible, the radius of rotation of the camera.

Phantom Studies

To test the tomographic spatial resolution capabilities of the
dedicated SPECT camera and reconstruction algorithm, we de-
signed a phantom consisting of an acrylic cylinder with 3 series of
cylindric holes of 1, 2, and 3 mm separated by 1, 2, and 3 mm,
respectively, as shown in Figure 2, that were filled with *™Tc-
pertechnetate. The second phantom series were phantoms to cali-
brate the small-volume measurement capability of the dedicated
micro SPECT camera, taking into account the whole image recon-
struction and quantification procedure, in the range of 10—100 L.
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FIGURE 1.
SPECT camera. P = pinhole collimator; C = counterweight; h =
small-animal holder.

Close-up view of dedicated small-animal pinhole

For this purpose, a continuously adjustable pipette, which is a
digital volumeter, to set the volumes with a known accuracy and
precision (2%), was used and the conical pipettes were filled with
9mTc-pertechnetate (Gilson P20 and P200). For phantoms we used
nongated SPECT acquisitions whose parameters were 48 projec-
tions of 1 min in a 64 X 64 word format over an arc of 180° using
the 1.5-mm pinhole and a 2.5-cm radius of rotation. After image
reconstruction with our algorithm, the phantom SPECT volumes
were then calculated by counting the corresponding number of
voxels in axial slices encompassing the object, before multiplica-
tion by the reconstructed voxel size. Then and before the use of
commercial software packages for cardiac murine image quantifi-
cation (Quantitative Perfusion SPECT [QPS] and Quantitative
Gated SPECT [QGS]; GE Healthcare), care was taken to adjust the
scale factor needed to correct the voxel size, following the idea of
Croteau et al. in rat heart gated PET (/4), due to the geometric
assumptions of these software programs adapted for human appli-
cations (15).

Animal Procedures, Anesthesia, ECG Gating, and
Tracer Administration

Eight normal adult female mice (CD1; Institut Clinique de la
Souris) weighting 27 = 3 g were included in this study, and the
French regulations concerning small-animal experimentation (au-
thorization 67-104) were followed. One extremity of the mice
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FIGURE 2.
each set of cylindric holes of 1, 2, and 3 mm is separated by the
same distances. (B) Corresponding reconstructed mid axial
slice in which holes of 1 mm are clearly separated. (C) Activity
line profile through 1-mm hot spots. au = arbitrary unit.

(A) Upper view of resolution phantom in which

holder was attached to a respiratory tube connected to a small-
animal anesthesia device capable of delivering a heated gas mix-
ture (air and 1.5%-2.5% isoflurane) to keep the temperature of the
animal constant during experimentation (Minerve). For ECG gat-
ing we used subcutaneous needle electrodes connected to an elec-
trocardiograph (Physiogard RSM 784 ODAM). For the imaging
modality tested in this study, we catheterized the femoral vein for
intravenous administration of the radiotracer. For perfusion, 350—
450 MBq of *™Tc-tetrofosmin (Myoview; GE Healthcare) were
used. Care was taken to minimize, as much as possible, the volume
of injected tracers around 0.15-0.25 mL to avoid significant
changes in the whole blood volume of the mice.

Gated SPECT Acquisition Parameters

Myocardial perfusion acquisitions were started 15-20 min after
tracer administration to ensure a better contrast of heart to soft
tissue due to hepatobiliary clearance of the tracer. The radius of
rotation of the camera was adjusted at 2.5 cm corresponding to a
zoom factor of 4.8. A 20% window centered on the 140-keV
photoelectric peak of the *™Tc was used. With mice in the supine
position, a circular anterior, 48-projection step-and-shoot acquisi-
tion over 180° with 64 X 64 word images from the left lateral to
the right lateral side of the thorax was used. We registered 300
cardiac beats for each projection in a forward—backward mode
with a 20% temporal window of the mean R-R time. In 5 cases we
registered 8 time bins per cardiac cycle, whereas in 3 cases we
registered 10 time bins per cardiac cycle. At the end of the
examination, data were transferred to a G4 personal computer
(Apple Computers) for image reconstruction.

Image Reconstruction Technique

The image reconstruction method used in this study has been
described (16,17). Briefly, it consisted of calculating the exact
geometric spot corresponding to each image projection of the
object voxels taking into account the cylindric geometry induced
by the rotation of the y-camera around the animal. Thus, we used
a polar discretization, the voxels being laid out on concentric rings.
Deconvolution is then automatically achieved by solving the linear
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system given by the projection equations using the Algebraic
Reconstruction Technique (ART) algorithm also taking into ac-
count the intrinsic resolution of the y-camera, the effective diam-
eter of the pinhole, the spatial variation of sensitivity, and a
uniform attenuation. The number and size of the object voxels are
predefined as the field of view encompassing the object. Therefore,
the number of voxels and dimensions of the field of view permit
predetermination of the isotropic tomographic spatial resolution
expressed in mm/pixel. Diffusion was not considered but could be
introduced in the algorithm (/8). Before reconstruction, image
projections were corrected for radioactive decay of *™Tc due to
long-time acquisition.

Myocardial Perfusion and Functional Image Analysis

For each perfusion gated SPECT acquisition and after comple-
tion of reconstruction of axial slices, the whole isotropic data cube
was resliced according to the mouse heart axis to obtain short-axis,
vertical long-axis, and horizontal long-axis slices using commer-
cial nuclear imaging software (Mirage, version 5.048; Segami).
For quantification of LV perfusion, volumes, and motion, gated
short-axis slices were then analyzed with the same commercial
nuclear medicine software packages as previously (QPS and
QGS). These clinical packages use cardiac perfusion SPECT short-
axis slices in gated and ungated modes as input data for computing
the inner and outer LV walls and valve plane. Relative LV wall
perfusion (normalized to the hottest pixel) and several functional
parameters are then automatically derived, including end-systolic
and end-diastolic volumes, enabling determination of ejection frac-
tion, stroke volume, and regional wall thickening (/5).

RESULTS

Phantom Studies, Reconstructed Pixel Resolution, and
Spatial Resolution

For the resolution phantom as well as for myocardial
perfusion images in mice, we used a reconstructed field of
view of 30 mm, leading to a pixel resolution of 0.47 mm and
a corresponding reconstructed voxel of 0.1 mm?. For spatial
resolution, Figure 2 shows that 1-mm holes of the spatial
resolution phantom can be easily separated, leading to a
millimeter spatial resolution. For microvolume calibration,
we obtained a linear relationship between measured vol-
umes by SPECT and reference volumes (y = 0.974x +
3.680) (Figure 3), with r> = 0.99. There is a slight 3.7-pL
overestimation of the measured SPECT volumes, probably
due to the image reconstruction and volume quantification
process and statistical noise.

Gated Myocardial Perfusion Images of Mice

Figure 4 shows a typical example of time evolution of an
axial midventricular slice through systole and diastole cor-
responding to the 10 time bins defined at acquisition in this
particular case. Changes in the shape of the left ventricle are
clearly visible, and the right ventricle could also be distin-
guished in the 8 mice of the series—however, with less
contrast than the left ventricle. Figure 5 shows a typical
time-summed midventricular short-axis slice in which,
again, left and right ventricular cavities and corresponding
walls can be easily identified.
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FIGURE 3. Linear relationship between measured volumes
after pinhole SPECT reconstruction and corresponding cali-
brated values. SPECT volumes were obtained by multiplying the
reconstructed voxel size by their number after counting pixels in
each short-axis slice image using a 15% threshold of the max-
imum pixel. For each reference volume, 5 different pinhole
SPECT acquisitions were obtained in 5 different filled pipettes,
and the corresponding mean value is represented as a black
circle. Because QGS and QPS analyses are based on automatic
detection of LV inner and outer walls, we verified that inner and
outer limits of a static micro LV volume are accurately matched
using QPS by simulating a ventricular cavity of known volume in
the set of 1 micropipette short-axis image by forcing to zero a
known number of pixels. Inner and outer walls of this ventricular
model were correctly detected by QPS, leading to an accurate
measurement of the simulated ventricular volume as illustrated
in the inset (35 wL measured using QPS vs. calibrated 30 pL).

Quantification of LV Perfusion, Volumes, and Motion
in Mice

After processing by the QPS software applied to the
time-summed short, vertical, and horizontal slices, the left
myocardial perfusion mean values (relative to the hottest
pixel of the LV polar plot of each case as usual in nuclear
cardiology) of the wall segments analyzed in this study

FIGURE 4. Ten time phases of a midven-
tricular perfusion axial slice of a mouse
throughout systole and diastole. Note
changes in ventricular cavities (left and
even right) during contraction and
relaxation.
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FIGURE 5. Midventricular time-summed perfusion short-axis
slice of mouse of Figure 4, in which left and right ventricular
cavities and walls are clearly visible.

(Table 1), shown in Figure 6, are remarkably similar for the
anterior, lateral, inferior, and septum walls (between 72%
and 75%) and the apex exhibits a slight (65%) hypoperfu-
sion. For all segments, we observed a low SD of the relative
perfusion values. For the LV kinetics, heart rate was 331 =
35 bpm during acquisition, and Figure 7 illustrates the
systolic and diastolic 3D QGS-computed LV views of a
typical case and corresponding LV ejection fraction curve.
Table 2 lists mean values and corresponding SDs of the LV
ejection fraction, end-diastolic and end-systolic volumes,
stroke volume, and cardiac output after scaling by the linear
volume calibration relationship measured in phantoms.
Wall motion can also be derived from QGS analysis and
expressed in the percentage of thickening. The apex has the
highest percentage of thickening (47% = 12%), whereas the
lateral wall has 30% = 9%, the inferior wall has 33% *+ 8%,
the septum wall has 37% = 10%, and the anterior wall has
33% = 10%.
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TABLE 1
Mean Values = SD of Relative Wall Perfusion and
Thickening of Left Ventricle for 8 Mice of Series

Relative
thickening (%)

Relative

LV wall segment perfusion (%)

Apex 65+ 6 47 =12

Lateral 72 +5 29 +9

Inferior 74 =5 33+8

Septum 75+ 4 37 £ 10

Anterior 74 + 2 33 +10
DISCUSSION

Influence of Anesthesia on Cardiovascular Function
of Mice

Mouse hemodynamics are highly sensitive to anesthesia
(4); therefore, reference LV parameters should preferably be
obtained in conscious animals because LV function is al-
tered under 250 bpm, as was demonstrated in a recent study
using echography (/9). However, SPECT cannot be done
without anesthesia. Isoflurane, as other anesthetics, de-
creases the heart rate and, therefore, particular attention was
made to keep the heart rate as high and stable as possible
during our experiments. As a consequence, care must be
taken when comparing functional LV parameters obtained
with different anesthetics and examination conditions due to
different imaging modalities.

Comparison with Other Studies

LV global perfusion in BALB/c mice was also studied
with nongated SPECT applied to a murine model of coro-
nary occlusion by permanent ligation of the left anterior
descending coronary artery with %™Tc-sestamibi as the
tracer and with a similar spatial resolution of 1.1 mm (9).
Our results can be compared only with the control group
(n = 6) of this study, in which we observed an apical
relative hypoperfusion of 60%, which corresponds to the
value we measured and which could be influenced by the
thin apical wall thickness and corresponding partial-volume
effects, as gallbladder activity was reported to be reduced by
injecting cholecystokinin (0.1 wg/g) before SPECT acqui-
sition (9). To our knowledge, there are no comparable gated
SPECT studies with regard to the LV volumes, ejection
fraction, and cardiac output; however, our results are in the
same range of those obtained, in equivalent normal mice
series and anesthetic conditions, using high-field MRI
(3,20) or echography for ejection fraction, stroke volume,
and cardiac output (/,2). Moreover, gated SPECT also per-
mitted—to our knowledge, for the first time—a quantitative
analysis of LV wall thickening, a finding that requires
further comparative MRI and echography studies to test its
accuracy.

Quantification

One of the advantages of gated SPECT shown in this
study is that quantification of mouse LV parameters, after
reconstruction and reorientation, was obtained through val-

PinHoLE GATED SPECT 1IN MiceE ¢ Constantinesco et al.

idated automatic image software analysis that is used rou-
tinely in human nuclear cardiology. This means that, con-
sidering the volume calibration linear relationship enabling
the appropriate scale factor has been done, reproducibility
and intra- or interobserver variability of the technique are
those currently accepted in human clinical routine. Under
these conditions, perfusion gated SPECT should now permit
longitudinal follow-up and pharmacologic stress studies of
LV perfusion and kinetics in mouse models of cardiovas-
cular disease, as has been demonstrated in rats for PET and
SPECT (14,21).

Spatial and Time Resolutions, Acquisition Time, and
Sensitivity

Pinhole gated SPECT is a true 3D imaging method lead-
ing to isotropic voxels as 3D echography (2) but contrary to
MRI, which uses 2D contiguous slices due to gated imaging
strategies (3,20), and 2D echography, which is limited to
specific slices (7). Spatial resolution of micro SPECT was 1
mm in this study and is limited by sensitivity correlated with
the pinhole diameter and the organ distance to the pinhole
(16). However, we demonstrated that both ventricles were
clearly visible. Submillimeter spatial resolution (0.5 mm)
should probably be achievable in the future with specific
multipinhole techniques (22,23). An accurate analysis of
LV kinetics requires a good time resolution of the R—R
interval. In this respect, we showed in this study that 10 time
bins per cardiac cycle is achievable. Preliminary results in
our laboratory indicate that 16 time bins are possible, which
are to be compared with 15-25 for high-field MRI depend-
ing on the imaging sequence and, obviously, the real time

FIGURE 6.
derived from QPS analysis and showing wall segmentation.
Apical relative hypoperfusion can be observed. 62, 73, and 78
refer to average percentage of the maximum.

LV perfusion bull’'s eye polar plot of a mouse
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FIGURE 7. Computed 3D LV contours of
a mouse derived from QGS analysis in sys-
tole (A) and diastole (B) allowing for ejec-
tion fraction curve (C), volumes, and wall
thickening measurement. ED = end dias-
tole; ES = end systole; SEPT = septal;
ANT = anterior; LAT = lateral.

for echography (/,2,19). However, one needs to keep in
mind that perfusion gated SPECT is able to deliver mean
values of LV parameters measured in about 300 cardiac
cycles compared with other imaging modalities (echogra-
phy, high-field MRI), in which time resolution is better but
only a few consecutive cycles are analyzed. One of the
drawbacks of gated SPECT is the long acquisition time,
around 1 h as for MRI, depending on the number of detec-
tors and the diameter of the pinhole (4,8,9,12). Neverthe-
less, this long acquisition time could be decreased using the
multipinhole or the coded aperture approaches, which in-
crease SPECT sensitivity without degrading spatial resolu-
tion (22,23).

Amount of Radioactivity and Volume of Injected
Tracer Used

Another limitation of SPECT in mice is the amount of
radioactivity needed for a good contrast-to-noise ratio. Con-
trary to intuition, this amount—which is similar to that used
for humans despite important differences in body mass
between mouse and man—is due to the size of image
voxels, which corresponds to the mouse scale (4). At the
high specific activities used, 2 issues remain unanswered for
mice. The first is to be certain that the radiopharmaceutical
causes no pharmacologic effect but still acts as a tracer, as
was demonstrated for PET in rats (24). The second is related
to mouse organs and whole-body absorbed doses during
SPECT, which could influence the outcome of mice in the
case of longitudinal examinations. Finally, this high amount

TABLE 2
Mean Values = SD of Ejection Fraction, Volumes, and
Cardiac Output for 8 Mice of Series

Parameter Value
Heart rate (bpm) 331 + 35
Time bins/R-R 8(n =5),10(n = 3)
EF (%) 60 =9
EDV (L) 50 = 8
ESV (ub) 20+ 6
SV (nl) 295 +6
CO (mL/min) 9.6 +1.6

EF = LV ejection fraction (EDV — ESV/ESV); EDV = LV end-
diastolic volume; ESV = LV end-systolic volume; SV = LV stroke
volume (EDV — ESV); CO = cardiac output (SV X heart rate).
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of radioactivity is needed in a minimal volume compared
with the mouse blood volume. Our injected volumes were in
the same range of those used by other investigators in an
ungated perfusion study in BALB/c mice (9). However, care
must be taken to slowly inject the tracer in about 5-10 s.

Sources of Image Blur

Finally, movement of the mice during SPECT must be
suppressed to minimize sources of image blur. As we used
ECG gating in this study, respiratory movements induce a
millimeter-scale uncontrolled supplementary motion of the
heart. This could be artificially controlled by adding a
respiratory gating but at the expense of increasing acquisi-
tion time (4,25).

CONCLUSION

In this study we demonstrated that, after careful calibra-
tion and using standard nuclear medicine software, perfu-
sion ECG gated SPECT in mice permits quantification of
LV volumes and motion, enabling establishment of a func-
tional normal database, which should be a mandatory step
before using the method in murine models of cardiovascular
disease.
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