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SPECT with submegabecquerel amounts of tracer or subsecond

time resolution would enable a wide range of new imaging protocols

such as screening tracers with initially low yield or labeling efficiency,

imaging low receptor densities, or even performing SPECT outside
regular radiation laboratories. To this end we developed dedicated

ultra-high-sensitivity pinhole SPECT. Methods: A cylindric collimator

with 54 focused 2.0-mm-diameter conical pinholes was manufac-
tured and mounted in a stationary small-animal SPECT system.

The system matrix for image reconstruction was calculated via a hy-

brid method based on both 99mTc point source measurements and

ray-tracing analytic modeling. SPECT images were reconstructed
using pixel-based ordered-subsets expectation maximization. Perfor-

mance was evaluated with phantoms and low-dose bone, dynamic

kidney, and cardiac mouse scans. Results: The peak sensitivity

reached 1.3% (13,080 cps/MBq). The reconstructed spatial resolu-
tion (rod visibility in a micro-Jaszczak phantom) was 0.85 mm. Even

with only a quarter megabecquerel of activity, 30-min bone SPECT

scans provided surprisingly high levels of detail. Dynamic dual-isotope
kidney and 99mTc-sestamibi cardiac scans were acquired with

a time-frame resolution down to 1 s. Conclusion: The high sensi-

tivity achieved increases the range of mouse SPECT applications by

enabling in vivo imaging with less than a megabecquerel of tracer
activity or down to 1-s frame dynamics.
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The trade-off between resolution and sensitivity is a constant
challenge in preclinical SPECT imaging. The small size of the
animals that are imaged with preclinical scanners has tended to
put the main focus of SPECT development in the last decade on
resolution improvements (1–5). As a result, the sensitivity (fraction
of emitted photons detected) of modern dedicated high-sensitivity
multipinhole collimator systems rarely exceeds 0.2%. Improve-
ment of the sensitivity characteristics would offer several signif-
icant advantages. Imaging could, for instance, be performed more
rapidly, thereby allowing a higher throughput for tracer screening
applications or observation of dynamic processes with good time

resolution. In addition, with less radioactive tracer needing to be
used, it would be possible to, for example, perform in vivo imaging
of low-capacity receptor systems, thus aiding research into new tracer
compounds or reducing the costs and easing the license requirements
of an experiment (Table 1).
Noncollimated high-sensitivity SPECT was developed by Mitchell

and Cherry (6) using 2 closely spaced scintillator detectors. This
approach allows a high (40%) detection efficiency to be reached but
currently restricts applications to resolutions at a level of about 1 cm.
The aim of the present work was to develop an ultra-high-

sensitivity SPECT system using a collimator that aims to have a high
sensitivity and still allow submillimeter-resolution 3-dimensional
(3D) and 4-dimensional SPECT imaging. We evaluated the perfor-
mance of the new collimator using phantoms as well as static and
rapid dynamic ultra-low-dose imaging in live mice.

MATERIALS AND METHODS

SPECT System

The new collimator was mounted in the U-SPECT1 (MILabs)

series of scanners (7). This system uses three 595 · 472 mm NaI
(Tl) stationary detectors, a set of replaceable focusing multipinhole

collimators, and a user interface that aids both total-body SPECT and
3D focused imaging (8). Other details on the original system design

have been previously published (4).

Collimator Design

The ultra-high-sensitivity collimator is designed to fit mouse-sized
animals. It consists of a lead cylinder with an inner bore diameter of

46 mm and a wall thickness of 30 mm (Fig. 1) with fifty-four 2.0-mm-
diameter conical pinholes positioned in 4 rings. As one can see from

Figure 1, the center of each pinhole is on the inner wall surface of the
collimator tube. By not having a conical part of the pinhole on the

inside, we intended to minimize the object–pinhole distance and max-
imize the pinhole–detector distance, in order to additionally improve

sensitivity and resolution (by increasing magnification factor) character-
istics. The 2 most central rings (2 and 3; Fig. 1) contain 15 pinholes with

25.1� opening angles, whereas the outer rings (1 and 4; Fig. 1) contain
a combination of 12 pinholes with a 21.2� or 24.2� opening angle. All

pinholes together form an hourglass-shaped field of view (FOV; Fig. 1)
that is used for data acquisition via a scanning focus method (9). The

central part of the FOV (an ellipsoid of 12 · 12 · 7 mm), or the so-called
central FOV (Fig. 1), is seen by all pinholes simultaneously and provides

complete data without any bed movement (i.e., within a single bed
position). Images from each pinhole are directly projected on the surface

of the detector and create slightly overlapping projections.

System Calibration and Image Reconstruction

The exact geometry of the system was determined by 99mTc point
source measurements (10), and the system matrix was subsequently

calculated by an analytic model based on ray tracing (11).
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Images were reconstructed from the list-mode data using
pixel-based ordered-subsets expectation maximization (12) with

resolution recovery and compensation for distance-dependent

pinhole sensitivity. For all SPECT images shown, we used 32

subsets, 15 iterations, and an isotropic 0.4-mm-voxel grid.

Compton scatter correction was applied via the triple-energy-

window method (13) with use of either one 20% (centered at

140 keV) or two 15% (centered at 171 and 245 keV) photopeak

windows for 99mTc and 111In isotopes, respectively. The back-

ground windows were placed on each side of the photopeak with

a width of 3% (99mTc) and 2.5% (111In) of the corresponding

photopeak. All images were attenuation-corrected as described

by Wu et al. (14,15). The reconstructed volumes of all SPECT

scans were postfiltered with a 3D gaussian filter of 1.0 mm in full

width at half maximum. Time–activity curves were generated for

manually drawn volumes of interest (VOIs), using decay-corrected

but otherwise unprocessed images, reconstructed as a dynamic

frame sequence.

Phantom Scans

The sensitivity of the collimator along the axial and transaxial
directions was measured in counts per second per megabecquerel of

activity (cps/MBq) by scanning a 99mTc point source of known

activity (4,10) through the center of the FOV. The resolution was

determined with micro-Jaszczak hot-rod capillary resolution phan-

tom scans. The phantom consisted of 6 sections with rods 1.7, 1.5,

1.3, 1.0, 0.95, and 0.85 mm in diameter, which together provided

a 0.21-mL volume for filling with activity. The minimum distance

between the capillaries in each section equalled the capillary di-

ameter in that section. The phantom was filled with 0.25 or 5 MBq

of 99mTc-pertechnetate (concentrations of 1.19 and 23.8 MBq/mL,

respectively). Dynamic 30-min acquisitions using 5-min frames

were performed.

Animal Studies

The animal experiments were performed with C57BL/6 mice

according to protocols approved by the Animal Ethics Committee of

the UMC Utrecht and in accordance with Dutch Law on Animal

Experimentation. All SPECT scans were acquired for 30 min with the

ultra-high-sensitivity collimator. Every animal used for imaging was

anesthetized with isoflurane and injected with tracer activity via the

tail vein. For dynamic image acquisitions, a tail vein catheter was used

for the tracer injections.

Low-Dose Bone SPECT Scans

Two mice were anesthetized and injected with 0.25 or 3.5 MBq of
99mTc-methylene diphosphonate respectively. Half an hour after the

injection, subsequent total-body, focused pelvis, and focused skull
scans were performed for each animal. The total number of bed posi-

tions used during data acquisition in those scans varied from 7 (focused
skull) to 45 (total body), dependent on the animal and corresponding

scan area sizes.

Microdose Renal Function SPECT

A mouse was anesthetized, and the kidneys were selected as the
scan area of interest, which required 2 bed positions. Just after the start

of the dynamic SPECT acquisitions with 15-s frames, the mouse was
injected with 1.5 MBq of 99mTc-mercaptoacetyltriglycine (MAG3)

and 1.5 MBq of 111In-diethylene triamine pentaacetic acid (DTPA).
The time between the 2 activity injections was around 45 s. Time–

activity curves were generated for 2 VOIs, which were manually
drawn around each kidney. The curves were smoothed via use of

nearest-neighbor averaging over 3 points.

Fast Dynamic Cardiac Scan

Two mice were anesthetized, and the heart was selected as
the scan area of interest, which required only 1 bed position. Just

after the start of the dynamic SPECT acquisitions with 1-s frames,
the mice were injected with either 9 MBq (mouse 1) or 15 MBq

(mouse 2) of 99mTc-sestamibi. Time–activity curves were gener-
ated for equally sized spheric VOIs placed in the aorta and myo-

cardial tissue regions. The required size and position of the VOIs

FIGURE 1. Cross-section of ultra-high-sensitivity collimator with illus-

tration of pinholes positioned in 2 outer (1 and 4) and 2 inner (2 and 3)

pinhole rings. Zoomed view (bottom) on central part of collimator illus-

trates shape and position of FOV (orange area).

TABLE 1
Example Exemption Limits for Several SPECT Isotopes

Activity (MBq)

Radionuclide The Netherlands* United States†

99mTc 10 37

111In 1 3.7

123I 10 3.7

67Ga 1 37

*National Radiological Protection Board of Kingdom of Nether-

lands (NRPB-R306), directive 96/29.
†U.S. Nuclear Regulation Commission, title 10 of Code of Fed-

eral Regulations appendix C to part 20.

If amount of activity that is used in total is kept below these

limits, license to perform experiment is not required.
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were determined from the reconstructed volume for the total du-

ration of the scan. The time–activity curves were subsequently
generated from the dynamic image sequence (for minutes 0–10

of the acquisition) and smoothed via nearest-neighbor averaging
over 3 points.

RESULTS

Phantom Studies

Figure 2A shows 4-mm-thick slices (sum of 10 subsequent
0.4-mm-thick slices) from the dynamic micro-Jaszczak resolu-
tion phantom scans with 99mTc. Even for the shortest acquisi-
tion of 5 min, rods with diameters down to 1.1 mm using
0.25 MBq and down to 0.85 mm using 5 MBq could be distin-
guished. Within 30 min of acquisition, the minimal visible rod
diameter for the 0.25-MBq scan improved to 0.95 mm. Figure
2B illustrates sensitivity profiles along the axial (z) and trans-
axial (x) directions through the center of the FOV. The peak
sensitivity for 99mTc at the center of the collimator was de-
termined to be 1.3% (13,080 cps/MBq) and decreased to the
lowest values of 1.0% (along z) and 0.81% (along x) at the
edges of the central FOV.

Low-Dose Bone Scans

Figure 3 shows maximum-intensity projections of the 99mTc-
methylene diphosphonate mouse total-body, focused pelvis, and
focused skull scans. The top- and side-view maximum-intensity
projections of the total-body scan illustrated that a 3.5-MBq
scan provided details of the anatomic structures in the mouse
skeleton, such as in the pelvis, skull, and both upper and lower
limbs. A decrease in the injected tracer activity by a factor of 14
(down to 0.25 MBq) degraded the visible level of detail, but the
resulting image still revealed the 3D anatomic structure of the
skeleton.

Reconstructions of separate focused pelvis and skull scans show
improvement of images in terms of visible details compared with
the total-body images obtained with the same tracer activity.

Dual-Isotope Kidney Scan

Figure 4 presents the 99mTc-MAG3/111In-DTPA dynamic kid-
ney scan. Both tracers are primarily used for evaluation of tubular
filtration and result in rapid renal clearance of the compound
(16,17). Fast clearance of the tracers in combination with animal
size–related limitations for maximally allowed volumes of injec-
tions (0.2 mL/animal for the intravenous administration routes)
(18) and low labeling efficiency of 111In-DTPA (19) hampers ap-
plication of those tracers for SPECT imaging with mice, particu-
larly when dynamic imaging needs to be performed. Figure 4A
shows a set of individual 15-s frames (slice thickness, 2 mm) that
illustrates the difference in the tracers’ dynamics. It was clear that
renal filtration of 111In-DTPA took place mainly in the medulla
cavity region, whereas filtration of 99mTc-MAG3 involved both the
renal cortex and the medulla cavity. Also, 99mTc-MAG3 followed
3 defined stages of filtration: uptake (0–75 s), plateau (75–180 s),
and clearance (180–1,800 s). In the case of 111In-DTPA, uptake of
the compound (0–120 s) was rapidly followed by the clearance
stage (120–1,800 s), with no noticeable plateau. Such results agree
with both the individual biodynamics of the tracers (20,21) and the
simultaneous dynamics of the tracers as shown on the time–activity
curves (Fig. 4B), indicating that the tracers reach maximal uptake
around 130 s after injection and are washed out within 600 s. The
relatively short delay in the beginning of 111In-DTPA uptake on
the time–activity curves can be explained by the 45-s difference
between the injection times of the 2 tracers that was not consid-
ered during time–activity curve generation or during division onto
tracer uptake stages.

Fast Dynamic Cardiac Scan

Figure 5 shows 0.4-mm-thick slices from the short (Fig. 5A) and
long (Fig. 5B) cardiac axes, obtained from reconstructions of a
10-min acquisition segment (minutes 4–14) of the dynamic 30-min
99mTc-sestamibi scan (mouse 1). The images illustrate a clear sep-
aration between the left and right ventricular walls, as well as
details of the myocardium. The time–activity curve of the tracer
dynamic in the aorta (Fig. 5C) contains 2 defined peaks of tracer
concentration around the 30- and 70-s time points. Most probably,
the first peak corresponds to the initial pass of activity through the
heart. The presence of the second peak at the 70-s time point can be
explained by the secondary activity infusion in the animal during
the postinjection flushing of the tail vein catheter with saline. We
assume that the difference in amplitude and peak position on time–
activity curves shown in Figure 5C was caused by differences in
activity injection speeds between those 2 experiments. The tracer
concentration in the myocardial tissue rapidly increased after each
activity infusion and retained a constant level for the remaining time
of the scan.

DISCUSSION

The size of the animals that are used in preclinical molecular
imaging sets 2 main requirements for the performance characteristics
of preclinical SPECT scanners. Their resolution needs to be high
enough to allow visualization of sufficient detail, and their sensitivity
needs to be high enough to produce a sufficient counting rate even
with only small amounts of injected activity. The current work showed
the results of the evaluation of a new ultra-high-sensitivity collimator

FIGURE 2. (A) 99mTc resolution phantom scans (5 and 0.25 MBq) for

different acquisition times (5, 10, 20, and 30 min). Smallest visible rod

diameter for 30-min acquisition was 0.85 mm. In 5-min acquisitions,

1.1-mm rods can be seen for all activities used. (B) Sensitivity profiles

for single bed position along axial (z) and transaxial (x) directions

through center of collimator’s FOV for 99mTc.
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that allows 3D submillimeter mouse SPECT
and ultra-low-dose or fast dynamic imaging
applications in the U-SPECT1 system.
The resolution phantom scans illus-

trated that the collimator can reach its
peak 0.85-mm reconstructed image res-
olution within a 5-min acquisition with 5
MBq in a Jaszczak phantom and can
even maintain a submillimeter resolution
(0.95 mm) with 0.25 MBq when a longer
acquisition (30 min) is used. The peak
sensitivity of the collimator reached
1.3% for 99mTc, which slightly exceeds
an estimated value of 1.2% for the
double-cone pinhole geometry model (22).
Such performance makes the collimator
most suitable for either submegabecquerel
static scans or several-megabecquerel fast
dynamic scans.
The results of the animal evaluation

on low-dose bone imaging illustrated
that quite a high level of detail can be
achieved with just several megabec-
querels (3.5 MBq) or even 0.25 MBq
when static images are acquired. When
finer details are needed for the same
activity level, local focusing on the area
of interest (Fig. 3, skull and pelvis) can
be used to improve resolution and gen-
eral image quality. This application of
focused scanning (8,9) can benefit im-
aging with tracers that cannot reach
high labeling efficiency or imaging of
organs and tissues with relatively low
specific uptake (e.g., different tumors
or the brain).
Often, to obtain good time resolution,

dynamic SPECT imaging requires injec-
tion of high tracer activities. Because of
size-related limitations on maximally
allowed injection volumes (18), dynamic
imaging in mice either requires the use of
tracers with high activity concentrations
or results in long time frames (23). The
kidney scan shown in this work demon-
strates that with the ultra-high-sensitivity
collimator, a time frame of as low as 15 s
can be reached with a submegabecquerel
level of activity. This ability allows anal-
ysis of tracer dynamics not just from the
time–activity curves but also from the
dynamic sequence of SPECT images, il-
lustrating the biodistribution of the radio-
labeled compound within the organ or system
of organs. At the same time, if scans need
to be repeated, the low level of required
activity would prevent a harmful radiation
dose from accumulating in the animal or
influencing the reliability of the results. The
frame rate of SPECT can be further in-
creased by the use of higher tracer activities

FIGURE 4. (A) 2-mm-thick slices of dynamic 15-s frames for dual-isotope 99mTc-MAG3 (green)

and 111In-DTPA (orange) kidney scan (time delay between injections was 45 s). Images illustrate

difference in tracer dynamics, with slower uptake/clearance and longer plateau for 99mTc-MAG3 than

for 111In-DTPA. (B) Time–activity curves of 111In-DTPA/99mTc-MAG3 uptake by left and right kidneys.

FIGURE 3. Top and side maximum-intensity projections of 30-min total-body 99mTc-methylene

diphosphonate mouse scan. In 3.5-MBq scan, high level of anatomic detail is provided in upper

and lower limbs, pelvis, and skull. In 0.25-MBq scan, uptake in entire skeleton can be detected,

and skull and pelvis still show high level of detail. When focused scans were performed, image

quality was obviously improved for both scan areas (skull and pelvis) and levels of tracer activity.
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or more focused scanning applying a small number of bed
positions. Scanning of the area that occupies several bed
positions will require overhead time for animal bed move-
ment that ultimately will present the main limitation on the
shortest possible frame length for SPECT acquisitions. When
the organ or scan area of interest fits within the central FOV
(as in the case of the cardiac scan presented in Fig. 5), time
frames can be shortened to 1 s. However, because of the high
sensitivity of this collimator, focused scanning with more
than approximately 30 MBq in the central FOV (using the
U-SPECT1 system) will result in more than a 20% count loss,
partly because of the limitations of currently used read-out
electronics.

CONCLUSION

The current work has evaluated an ultra-
high-sensitivity mouse SPECT collimator
that has 1.3% peak sensitivity and still
reaches a 0.85-mm reconstructed spatial
resolution for 99mTc. The animal scans pre-
sented in this paper illustrate the possibility
of performing dynamic SPECT with 1-s
time frames or performing static SPECT
with tiny amounts of activity (fractions of
a megabecquerel). On the basis of its per-
formance, the collimator can be used in
several ways: to reduce the animal dose
during follow-up molecular imaging stud-
ies; to improve the frame rate for dynamic
biokinetic screening during the develop-
ment of new tracers or imaging of biologic
processes with fast dynamics; to increase
the possible number of applications for im-
aging of organs that have low specific up-
take or for tracers and nanocarriers that
have low labeling efficiency; to reduce
the cost of a study; or even to simplify
the radiation safety license application pro-
cedure via reduction of required activities
(in some cases below the radiation safety
license exemption level, Table 1).
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