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1. Introduction

In clinical practice, molecular PET imaging using radionuclide tracers
provides unique information and is a well-established non-invasive
technology in patients with cardiac diseases [1–6]. Recent introduction
of non-invasive small animal imaging utilizing high-resolution dedicat-
ed small animal positron emission tomography (PET) systems enables
longitudinal functional assessment of molecular and cellular cardiovas-
cular events in rodent disease models [7–9]. Since the same platform of
PET is well established and routinely used in clinical practice in the
human setting, small animal imaging technology is widely expected to
play a central role in the context of translation frombasic science to clin-
ical medicine [9,10]. However, precise knowledge of the similarities and
differences between the small animal and human imaging technologies
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are of utmost importance, particularly when comparing the results of
each modality.

The impact of tissue photon attenuation on quantitative analysis and
regional tracer distribution in small animal cardiac PET imaging remains
controversial. Due to physical interactions including both absorption
and scattering of the primary photons that occur during the travel of
the photons through the body, the number of photons detected by
PET detectors is reduced. The magnitude of attenuation on a line
connecting the two detectors along which the positron emission oc-
curred can be expressed by an exponential attenuation factor e−μD,
where μ is the linear attenuation coefficient and D is the total thickness
of thematter [11]. As a result, PET signals originating in the center of ho-
mogeneous attenuation materials are underestimated whereas those
from the surface are less affected [12]. Furthermore, the heart is
surrounded by tissues of varying density such as lung, blood and liver
resulting in attenuation variability among ventricular segments in
humans (Fig. 1) [13]. Therefore, appropriate attenuation correction
(AC) is essential for quantification and routinely applied in clinical PET
studies [11,14–16]. In contrast, AC is only occasionally performed in
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Fig. 1. Example transaxial images of human 18F-FDG PET at the mid-ventricular level with and without attenuation correction (AC). False-positive uptake defect is seen in the septal wall
without attenuation correction (white arrow).

                                                                   
small animal cardiac PET studies. The impact of attenuation in
small animal imaging is considered to be marginal because of small
body size.

The aim of this study is to determine the impact of tissue attenuation
on quantitative small animal cardiac PET assessment of global and
regional tracer distribution analysis comparing lean and obese rats.

2. Materials and methods

2.1. Animals

Eightmale obese Zucker diabetic fatty rats (fa/fa) (obese ZDF rats), a geneticmodel of
obesity and diabetesmellitus [17] (bodyweight; 370±52 g) and sixmale Zucker lean rats
(ZL lean rats) (bodyweight; 290±15 g, p b 0.005 vs. obese)were used at age of 13weeks.
Experimental protocols were approved by the regional governmental commission of
animal protection andwere in compliancewith theGuide for the Care and Use of Laboratory
Animal [18].
2.2. PET image acquisition and reconstruction

PET images were acquired using a dedicated small-animal PET scanner (Inveon,
Siemens), which provides 12.7 cm axial and 10.0 cm transaxial fields of view and an
isotropic reconstructed image resolution of approximately 1.4 mm in full width at half
maximum (FWHM). 13 min transmission scans with 57Co (160 MBq) rotating point
sources were performed using singles measurement with a narrow energy window of
120–125 keV. Subsequently, under hyperinsulinemic-euglycemic clamp to enhance
cardiac activity, approximately 37 MBq of 18FFDG were administered via the tail vein. A
20 min emission PET acquisition was started 15 min after tracer administration. The
acquired data were reconstructed by 2-dimensional ordered subset expectation
maximization (OSEM) with 4 iterations and 16 subsets with and without AC. Scatter
correction was not conducted.
2.3. Data analysis and statistics

The reconstructed PET images were analyzed using an image processing application,
AMIDE (version 1.0.4). To estimate the counts within the left ventricle, 3-dimensional
elliptical cylinder regions of interest (ROIs) with 3-mm thickness were manually drawn
in whole-body transaxial images both with and without AC to cover the left ventricle at
the mid-level. The mean counts in each ROI was measured, and activity reduction by
attenuation (%) was calculated as follows,

Activity reduction by attenuation %ð Þ ¼ CAC−CNACð Þ=CAC � 100:

Here CAC indicates counts with AC, and CNAC indicates counts without AC.
The chest diameter was defined as the mean of transverse and anteroposterior

diameters of the chest at the same level as the heart ROI. Transverse and anteroposterior
diameters were measured in the transmission images.

In order to evaluate regional tracer distribution, cylinder ROIs with 3-mm thickness
were manually drawn within the anterior, lateral, posterior, and septal walls of left
ventricle at the mid-level on the cardiac short axis slices. The mean count in each ROI
was measured, and activity reduction by attenuation was calculated for each wall.

Data were expressedwithmean± standard deviation. P b 0.05was considered statis-
tically significant. Chest diameter and activity reduction by attenuation were compared
between obese and lean rats using Student's t-test. In order to assess regional variation
of attenuation, activity reduction by attenuation was assessed among the four myocardial
walls using one-way analysis of variance in lean and obese rats.
3. Results

3.1. Impact of tissue attenuation for global cardiac activity

Cardiac activity of both obese ZDF rats and ZL lean rats increased
after attenuation correction (Fig. 2). Measured chest diameters were
significantly longer in obese ZDF rats (5.6 ± 0.3 cm) than in ZL lean
rats (4.5±0.2 cm, p b 0.0001). Cardiac activity reduction by attenuation
was significantly higher in obese ZDF rats (44.1 ± 2.5%) than in ZL lean
rats (35.1 ± 3.1%, p b 0.0001).

3.2. Distribution of attenuation among the myocardial walls

The myocardial activity reduction by attenuation in lean and obese
rats is shown for each ventricular wall in bar graphs (Fig. 3). No signifi-
cant differences were found among the left ventricular walls in both ZL
lean rats (p = 0.73) and obese ZDF rats (p = 0.65).

4. Discussion

In this study, we estimated the impact of photon tissue attenuation
on small-animal cardiac PET imaging comparing obese and lean rats.
Tissue attenuation caused approximately 10% underestimation error
in obese rats as compared to lean rats of the same age and could subse-
quently promotemisleading results interpretations of results. Our pres-
ent findings emphasize the importance of attenuation correction even
in small animal PET imaging, especially when performing quantitative
comparison of global cardiac tracer accumulation in rats with different
body sizes, and/or a longitudinal evaluation with a high likelihood of
changes in animal body weight are performed.

The activity of the transmission source [19] and a proper algorithm
for AC [20] are crucial in this experiment. In here the use of physical cyl-
inder phantomswith different sizes, permit us to confirmed accuracy of
our attenuation correction before animal experiments (Supplemental
Fig. 1).

Compared with human studies [21,22], photon tissue attenuation in
small rodent PET imaging is considered minor. In a cylinder phantom
model with variable diameters, in which a point source is placed at
the center, the relation between attenuation and the cylinder diameter
is expressed as the following equation: activity reduction by
attenuation = 100 (1− e−μd) [11], where d is the diameter of the cyl-
inder object (cm), and coefficient μ is that of acrylic (=0.110 cm−1).
Our results of tissue attenuation of the heart (activity reduction vs.
chest diameter) in mouse, rat and human hearts (unpublished data)
are well-matched to the line of the theoretical attenuation of the acrylic
phantom (Fig. 4). Although the impact of attenuation in human cardiac
PET imaging is as high as 90%, attenuation in small animals such as rat
and mouse can also reach up to 20–50% and therefore it should not be
ignored when considering absolute quantification in experiments.

Therewere no significant differences in the regional attenuation dis-
tribution pattern between the myocardial walls in both obese and lean
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Fig. 2. Bar graphs of chest diameter (a) and cardiac activity reduction by tissue attenuation (b) in Zucker lean (ZL lean rat) and Zucker diabetic fatty rats (obese ZDF rat). Representative
transaxial images of a ZL lean rat and an obese ZDF rat with andwithout attenuation correction (c). The tracer activity of the heart is reduced by tissue attenuation in both groups, butwith
significantly higher impact in the obese ZDF rats.

                                                                   
rats. In human hearts, it is well recognized that there is a large variation
among thewalls that can lead to false-positive tracer uptake defects, es-
pecially in septal walls if appropriate attenuation correction is not
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Fig. 3. Regional variation of attenuation among the four left ventricular walls in lean and
obese rats. No significant differences are demonstrated between the walls in both
Zucker lean (ZL lean rat) (p = 0.73) and Zucker diabetic fatty rats (obese ZDF rats)
(p= 0.65).
performed (Fig. 1) [21,22]. In contrast, our current results of regional
analysis in rat hearts demonstrate only minimal variations and suggest
the feasibility tomonitor the regional tracer uptake distribution pattern,
such as defect sizes in rat models of myocardial infarction, without the
need for attenuation correction.

5. Conclusion

Although tissue attenuation in cardiac PET images ismuch smaller in
rodents than in human beings, its influence on quantification should not
be ignored when small rodents with different body sizes are compared.
In contrast, only a minimal impact of attenuation on the regional myo-
cardial distribution pattern was demonstrated and might allow for
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Fig. 4. Relationship between attenuation-caused myocardial activity reduction and chest
diameter of mouse (triangle), rat (circle) and human (square). Solid line represents the
theoretical curve of activity reduction by cylinder phantom computer simulation models
with variable diameters, in which a point source is placed at the center. Linear
attenuation coefficient of the phantom is that of acrylic (=0.110).



                                                                   
non-attenuation corrected assessment of myocardial tracer uptake
defects.
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