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Abstract
Purpose: Ultra-high resolution single-photon emission computed tomography (SPECT) system,
using multiple pinhole collimators, has been applied to the imaging of small rodents. We aimed
to compare the myocardial infarction (MI) area on quantitative perfusion single-photon emission
computed tomography (QPS; Cedars-Sinai Medical Center, USA) with that on high-resolution
autoradiography in rat model to determine the accuracy of perfusion defect measurement by
QPS.
Procedures: After thoracotomy, rats (n = 9) had their left coronary arteries occluded and
reperfused before injection with 185 MBq [99mTc] methoxyisobutylisonitrile ([99mTc]MIBI) for
SPECT and autoradiography. Healthy rats (n = 28) were similarly scanned to create a normal
database on which to base QPS. The MI area on SPECT images was analysed automatically by
QPS software. For the autoradiography images, regions of interest for MI were set at 1 mm
intervals.
Results: In normal rats, [99mTc]MIBI accumulated throughout the left ventricles, and a polar map
of ventricular perfusion showed the lowest and highest uptakes in the inferior (68 % ± 4 %) and
anterior (92 % ± 5 %) walls, respectively. In the rat MI model, the percentage of polar map with
reduced [99mTc]MIBI uptake correlated strongly with the percentage of left ventricle with MI on
autoradiography (r2 = 0.90).
Conclusions: QPS can quantitatively evaluate MI severity on myocardial perfusion images in
rats, with comparable results to autoradiography. This widely available software could promote
the development of new techniques for analysing cardiac images in small animals.
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Introduction
Laboratory rats are widely used as human disease models for
heart failure, myocardial infarction (MI) and myocardial
ischaemia, helping researchers study disease pathology or
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treatment efficacy before clinical studies [1, 2]. Single-
photon emission computed tomography (SPECT) provides
molecular imaging that enables non-invasive visualisation of
biological process, and ultra-high resolution SPECT that
uses multiple pinhole collimators can provide resolution to
less than 1 mm. This has proven useful in the imaging of
small rodents [3, 4].

Assessment of myocardial perfusion by SPECT has
become an indispensable diagnostic tool for ischaemic heart
disease in clinical settings [5–7]. Quantified myocardial
perfusion information can aid visual interpretation and even
provide risk stratification [8]. In human studies, quantitative
perfusion SPECT (QPS; Cedar-Sinai Medical Centre, USA)
software is a readily available commercial software that is
used to analyse cardiac SPECT imaging. The QPS software
has demonstrated high performance when estimating various
ischaemic parameters, including the summed stress score,
summed rest score (SRS) and total perfusion defect (TPD),
by automatically and quantitatively assessing the perfusion
defect area on a polar map (PM) [9]. It should be noted that
the software uses a normal reference database to help
evaluate the perfusion defect more accurately.

Commercially available software packages have been
used to analyse cardiac SPECT imaging in small animal
studies [10–12]. In mice, reports have shown that the size of
an MI quantified by QPS software was accurately correlated
with the MI size confirmed by 2,3,5-Triphenyl tetrazolium
chloride (TTC) staining and the gold standard method,
autoradiography [13, 14]. Extremely high-spatial resolution
is available by autoradiography is considered, making it
ideal for confirming direct [99mTc]MIBI uptake compared
with SPECT. Although voxel size magnification in clinical
software could feasibly enable analysis of small animal data,
the different heart sizes of humans and small rodents should
be considered. Nevertheless, this simple magnification
procedure can provide an accurate area of perfusion tracer
distribution and could promote the development of tech-
niques for analysing cardiac tracer distribution in research on
small animals.

In this study, we aimed to determine the accuracy of QPS
software at measuring perfusion defects, based on a normal
rat database, by comparing the size of MI both on high-
resolution autoradiography and on in vivo SPECT in a rat
model of MI (i.e., coronary occlusion and reperfusion rats).

Materials and Methods
Phantom Study

A phantom study was performed using the QPS software to
measure the radionuclide distribution and phantom volume.
We used an original rat heart phantom of the left ventricle
with a volume of 200 μL, a myocardium compartment
thickness of 1 mm and a mid-myocardium surface area of
197 mm2 (HokurikuEP, Japan) with 6 MBq of Tc-99 m
(Fig. 1).

Experimental Protocol

Our university’s animal protection commission approved the
experimental protocol. Male Wistar rats (Charles River)
aged 8 weeks (body weight, 220–240 g) were used for all
experiments. We performed 99mTc-methoxyisobutylisonitrile
(MIBI) myocardial perfusion SPECT in 28 healthy normal
rats and nine model rats with left coronary artery (LCA)
occlusion and reperfusion. In the nine model rats, the LCA
was occluded for 20 min (n = 5) or 30 min (n = 4) followed
by reperfusion. Under anaesthesia with 0.05 mg/kg intraper-
itoneal pentobarbital natrium, the chest was opened to
expose the heart, before a 7–0 polypropylene suture on a
small-curved needle was passed under the LCA and ligated
to occlude the LCA. After reperfusion, animals were allowed
2 months to recover before in vivo SPECT and ex vivo
autoradiography.

SPECT Imaging

All rats were imaged using a small animal SPECT system
(versatile emission computed tomography, VECTor)
equipped with a general-purpose rat/mouse collimator (MI-
labs, the Netherland). The sensitivity for 99mTc was
1851 cps/MBq, and full width at half maximum (FWHM)
was 1.38 mm. Rats received 185 MBq of [99mTc]MIBI via a
tail vein 20 min before SPECT, to reduce physiological
uptake in the liver. The animals were scanned for 15 min
under 1–2 % isoflurane anaesthesia.

SPECT Data Reconstruction

Data were acquired in list mode and photopeak windows
(140 keV, 20 % width) were set after acquisition. We
employed triple energy window scatter correction in both
phantom and animal experiments. Data were reconstructed
using pixel-based order-subsets expectation maximisation,
without correction for attenuation on computed tomography,
using 13 subsets and six iterations [15, 16]. The voxel size
(0.8 × 0.8 × 0.8 mm) was magnified by a factor of ten to
approach that of the human reference heart [13].

PM Derivations

A QPS software algorithm was used to assess perfusion
tracer distribution in the left ventricle and to calculate the
perfusion defect area semi-quantitatively. A PM was
automatically derived with the QPS software for 17 regions
of interest (ROIs) in the heart. The relative segment average
count level was defined as the count ratio value given by the
QPS software using the standard normalisation factor
method with the 80th percentile of the maximum count in
pixels [17]. A normal database was created from the
reconstructed data of 28 normal rat hearts, which allowed
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the cardiac images of the nine MI rats to be analysed
automatically by comparing with healthy rats. The %TPD
was defined as the percentage of PM elements with
reduced tracer uptake in the total PM. The SRS was
calculated as a 5-point perfusion score (0, normal; 1,
slight decrease; 2, moderate decrease; 3, severe decrease;
and 4, complete defect) on the 17-segment model, and
the %SRS was defined as the percentage of SRS in a
maximum score of 68.

High-Resolution Autoradiography

Autoradiography of left ventricular short-axis slices was
performed to assess [99mTc]MIBI uptake, allowing 15–
20 min exposure times to visualise the infarcted area on an
imaging plate (BAS-MS; Fuji Film, Tokyo, Japan). Tracer
accumulation was evaluated in myocardial slices at 1 mm
intervals from the ventricular base to apex. The distribu-
tion of [99mTc]MIBI was determined by analysis of
digitised autoradiography images, and the photostimulated
luminescence in each 50 × 50 μm pixel was determined
using a bioimaging analyser (BAS-5000; Fuji Film,
Tokyo, Japan). For quantitative analysis, the uptake
values of each pixel were expressed as background-
corrected photostimulated luminescence per unit area
(0.0025 mm2). The MI area was defined as an area with
G 50 % of the maximum ventricular count, and the %MI
was defined as the percentage of MI area in the total left
ventricular area.

Statistical Analysis

Results are expressed as mean ± standard deviation (SD),
unless otherwise stated. Statistical analyses were performed
with the JMP Software (Version 12.2.0, USA). The averaged
uptakes in walls and segments were compared by the Tukey-
Kramer method, and the %TPD, %SRS and %MI were
compared by t tests. The relations of %TPD, %SRS and %MI
were analysed by linear regression (r2). A P value G 0.05 was
considered statistically significant.

Results
Phantom Study

In the phantom study, homogeneous distribution was shown
within the myocardial compartment using the QPS software
(Fig. 1). The myocardial compartment had a volume and a
mid-myocardial surface area of 173 μL (true value, 200 μL)
and 199 mm2 (true value, 197 mm2), respectively.

SPECT Image and QPS Database

In healthy normal rats, the left ventricular myocardium was
clearly delineated and the resized data could be automati-
cally analysed by QPS software. Figure 2 shows the normal
database with average percent relative counts and percent
variations. The distribution counts were significantly
different between the anterior (Ant; 92 % ± 5 %), lateral

Fig. 1 Images of a left ventricular heart phantom for rat. a The original rat heart phantom of the left ventricle with a myocardium
compartment thickness of 1 mm was used. Phantom images of the left ventricular myocardium analysed by b QPS software in
SAX, HLA and VLA slices, c polar map format, d 17-segment polar map format and e 5-segment polar map format. The
calculated myocardium volume is 173 μL, and mid-myocardium surface area is 199 mm2. HLA horizontal long-axis view, QPS
quantitative perfusion single-photon emission computed tomography, SAX short-axis view, VLA vertical long-axis view.
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(Lat; 83 % ± 5 %), septal (Sep; 79 % ± 5 %), inferior (Inf;
68 % ± 4 %) and apical (Ap; 78 % ± 3 %) walls. The
following details the comparisons and significance levels: Ant
vs. Lat (P G 0.0001), Ant vs. Sep, (P G 0.0001), Ant vs. Inf
(P G 0.0001), Ant vs. Ap (P G 0.0001), Lat vs. Sep (P G 0.05),
Lat vs. Inf (P G 0.0001), Lat vs. Ap (P G 0.0001), Sep vs. Inf
(P G 0.05), Sep vs. Ap (P G 0.0001), Inf vs. Ap (P G 0.05). For
all walls and segments, there was low variation in the average
value.

Perfusion defects were confirmed in the LCA region of all
MI model rats, with representative data shown in Fig. 3. The
QPS software automatically calculated the %TPD (21.7 % ±
19.4 %) and %SRS (22.4 % ± 19.7 %) based on the normal
database. Notably, the %TPD and %SRS were significantly
lower in the 20-min occlusion model compared with the 30-
min occlusion model (8.4 % ± 4.2 % vs. 40.0 % ± 9.9 % and
7.2 % ± 2.6 % vs. 40.0 % ± 24.0 %, respectively; P G 0.05).

High-Resolution Autoradiography

The %MI was 23.4 % ± 18.4 % in all rats. However, the
%MI was significantly lower in the 20-min occlusion model

(9.1 % ± 5.1 %) than in the 30-min occlusion model
(41.3 % ± 10.2 %) (P G 0.05).

MI Size Comparison between SPECT and
Autoradiography

The %MI by autoradiography correlated well with both the
%TPD (r2 = 0.90, y = 0.97x + 1.50; p G 0.0001) and the
%SRS (r2 = 0.88, y = 0.89x + 4.00; p = 0.0002) on SPECT
(Fig. 4).

Discussion
In this study, we successfully performed QPS analysis in
rats, showing that the method could automatically determine
the TPD and SRS based on a normal database. These results,
confirmed by ex vivo autoradiography, indicate that QPS can
be used to provide quantitative results with high-diagnostic
performance for the detection of perfusion defect areas in
rats. Most researchers can readily access this evaluation
method because [99mTc]MIBI is a common imaging tracer
and because the QPS software is commercially available for
clinical use with SPECT. We also confirmed the high
performance of SPECT for the detection of [99mTc]MIBI
uptake defects in a rat model. In contrast to human study
with coronary stenosis-based analysis [18, 19], this rat-based
study could directly confirm the [99mTc]MIBI distribution
(defect size) between in vivo and ex vivo measurements.

In our phantom study, the mid-myocardial surface area of
the myocardial compartment calculated by the QPS software
was consistent with the true value. This suggested that the
magnification of voxel size was feasible for use in the
analysis of data from small animals. However, the left
ventricular volume was underestimated by 14 % using the
QPS software with a standard reconstruction. This underes-
timation might be caused by a partial volume effect and by
the ROI setting algorithm. Further improvement in the
reconstruction technique is therefore desirable.

To the best of our knowledge, this is the first study to
show comparable MI size (as a percentage of total left
ventricle) in rats when analysed by autoradiography and
QPS against a normal database. Although previous data have
indicated that MI assessed by manual and automated
[99mTc]MIBI SPECT correlated with data assessed by TTC
staining with pinhole SPECT in rats [20, 21], there has been
no report of the application of QPS software to rats. In mice,
Wu et al. demonstrated a good correlation (r = 0.83) for MI
size by autoradiography and by QPS analysis (independent
of a normal database with pinhole SPECT) [22]. They
showed an underestimation of perfusion defect size relative
to autoradiography, which might have been due to a partial
volume effect and a cardiac or respiratory motion blurring
effect. In our study, good agreement was observed between
the percentage of perfusion defect shown by autoradiogra-
phy and the perfusion defect surface area calculated by QPS

Fig. 2 Normal database of male Wistar rat of 8 weeks of
age. Average tracer uptake and deviation of the normal
database are shown in a polar map format, b 17-segment
polar map format and c 5-segment polar map format.
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software with high-resolution SPECT in the rat model.
These findings suggest that QPS software could be useful
when imaging small animals, despite the differences be-
tween SPECT systems, reconstruction methods and display
methods (e.g. surface area vs. axial view display).

The judgement of abnormality based on quantitative
images obtained by nuclear medicine software requires
support by normal values. Creation of an appropriate
normal database is important because values are influenced
by methodological differences. Unlike human studies,

previous rodent animal studies using perfusion SPECT
had different protocols in a broad range of injection dose
(from 37 MBq/rat up to 450 MBq/mouse) and time of
starting acquisition (from 2 to 60 min post-injection) [23].
Additionally, normal myocardial perfusion distribution
varies by animal species. This indicates that it might be
necessary to use species- and acquisition-specific databases
for QPS analyses. The perfusion distribution pattern may
different depending on the type of rat and the SPECT
system used.

Fig. 3 A rat model with 30-min LCA occlusion and reperfusion. QPS software was used to analyse 99mTc-MIBI distributions
automatically. A perfusion defect was observed in the anterior, lateral, inferior and apical wall by a SPECT and b
autoradiography. c A perfusion defect is shown in a 17-segment polar map. The %TPD and %SRS were 47 and 51 %. HLA
horizontal long-axis view, MIBI methoxyisobutylisonitrile, QPS quantitative perfusion single-photon emission computed
tomography, SAX short-axis view, VLA vertical long-axis view.

Fig. 4 The relation of MI between in vivo SPECT and autoradiography. The good relationships between MI (%) in
autoradiography and a %TPD and b %SRS by the QPS software are shown. ARG autoradiography, MI myocardial infarction,
QPS quantitative perfusion SPECT, SPECT single-photon emission computed tomography, SRS summed rest score, TPD total
perfusion defect.
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In our results, segmental relative perfusion counts ranged
from 52 to 103 %, with SDs of 3.5–6.0 %. However, using
other commercial software (4D-MSPECT, Invia, USA) in 12
male Sprague-Dawley rats with the aid of a nanoSPECT
small animal camera (Bioscan, USA), Strydhorst et al.
demonstrated segmental [99mTc]tetrofosmin uptakes ranging
from 72.8 to 93.4 %, with SDs of 3.2–5.5 % [10]. Despite
these differences, both normal databases had similar fea-
tures, SDs per segment count were small compared with
human data and uptakes in the apex were relatively low
because of partial volume effects. These small SDs can be
derived from using single-gene rats from the same company.
By contrast, Roelants et al. analysed perfusion defects using
QPS software independent of a normal database in seven
female C57Bl/6 mice [14]. In their original method, they
provided quantitative results of MI size confirmed by TTC
staining. Although the normal distribution was not men-
tioned, representative PMs of normal mice showed hetero-
geneous uptake with lower uptakes in the septal wall and
apex. We consider these distribution differences have been
due to not only varieties of normal myocardial perfusion
distribution but also attenuation artefact, a partial volume
effect, a cardiac or respiratory motion blurring effect and
methodological differences. Wu et al. scanned the cylindri-
cal phantom with 45 mm diameter and 40 mm height using
the same SPECT system and demonstrated no difference of
counts between the edges and the center of the phantom
without attenuation correction by line-profile analysis [24].
Although the attenuation artifact seemed not to occur much
in the application of this SPECT system, the heterogeneous
distribution was not observed in our QPS database especially
in inferior wall. Considering the feature of small SDs,
building normal databases in each study might be needed to
resolve these distribution differences.

Our study showed that the severity of myocardial
perfusion defect changed with ischaemic severity, as
assessed by 20 min (less severe) and 30 min (more severe)
occlusion times. The severity of ischaemia and healing after
ischaemic injury is influenced by many factors, including
occlusion time, operative procedure and rat species [25].
Therefore, it is necessary to evaluate the severity of
ischaemic injury automatically with in vivo SPECT perfu-
sion imaging that uses a normal database.

Conclusion
We conclude that commercially available software for
automatic quantification of myocardial perfusion SPECT
imaging showed high-diagnostic performance in a rat model
of MI induced by coronary occlusion and reperfusion.
Using [99mTc]MIBI SPECT with measurements of in-
farcted myocardium from commercially available soft-
ware can help objectively assess the extent and severity
of ischaemic injury. We expect this method to be useful
for research purposes.
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