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Abstract
Purpose: Attenuation correction (AC) is important in quantitative positron emission tomography
(PET) imaging of medium-sized animals such as the cat. However, additional time for
transmission (TX) scanning and tracer uptake is required in PET studies with animal-dedicated
PET scanners because post-injection TX scanning is not available in these systems. The aim of
this study was to validate a template-guided AC (TGAC) method that does not require TX PET
data for AC in cat 2-deoxy-2-[F-18fluoro-D-glucose (FDG) brain PET imaging.
Methods: PET scans were acquired using a microPET Focus 120 scanner. TX data were
obtained using a 68Ge point source before the injection of FDG. To generate the attention map
(μ-map) template for the TGAC, a target image of emission (EM) PET was selected, and spatial
normalization parameters of individual EM data onto the target were reapplied to the
corresponding μ-maps. The inverse transformations of the μ-map template into the individual
spaces were performed, and the transformed template was forward projected to generate the
AC factor. The TGAC method was compared with measured AC (MAC) and calculated AC
(CAC) methods using region of interest (ROI) and SPM analyses.
Results: The ROI analysis showed that the activity of the TGAC EM PET images strongly
correlated with those of the MAC data (y ¼ 0:98xþ 0:01, R2=0.96). In addition, no significant
difference was observed in the SPM analysis. By contrast, the CAC showed a significantly
higher uptake in the deep gray regions compared to the MAC (corrected PG0.05). The ROI
correlation with MAC was worse than with the TGAC (R2=0.84). In SPM analysis for the
voxel-wise group comparisons between before and after the induction of deafness, only the
TGAC showed equivalent results with the MAC.
Conclusions: The TGACwas reliable in cat FDG brain PET studies in terms of compatibility with the
MAC method. The TGAC might be a useful option for increasing study throughput and decreasing
the probability of subject movement. In addition, it might reduce the possible biological effects of
long-term anesthesia on the cat brain in investigations using animal-dedicated PET scanners.
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Introduction

Imaging of the brain with positron emission tomography
(PET) in animals is an important technology used by

translational biomedical investigators for many purposes,
i.e., the development of new CNS drugs and neuronal
prostheses [1, 2] as well as investigations of the biochemical
and molecular basis of normal functioning and pathology of
the brain. Although non-human primates are ideal animal
models, given their close genetic and anatomical similarities
to humans, they are not widely available due to the ethical
issues mainly associated with their evolutionary proximity to
human beings and the high cost of conducting such research
[3]. Recent advances in small animal-dedicated PET scan-
ners with high resolution and sensitivity have facilitated
neuroimaging studies on rodents, a much easier research
model to use compared to non-human primates. However,
the assessment of regional activity with anatomical detail is
limited due to the small size of their brain.

Previous studies conducted by our group and other
investigators have shown that the small-animal-dedicated
PET scanners are also suitable for brain imaging studies of
medium-sized animals such as cats and rabbits [4–7]. PET
imaging studies on these animals have several advantages as
models for sensory deprivation and the efficacy of neuronal
prostheses since the surgical procedure is much easier than
on rodents, and there is accumulated knowledge on the
sensory systems of these animals.

Little attention has been focused on corrections of photon
attenuation and Compton scattering in rodent PET imaging.
However, there is a report that the physical artifact correction is
important even in small animals such as mice [8]. These
physical artifacts should be seriously considered in the brain
PET scans of medium-sized animals because of their larger
head size and thicker skull. Although the quantitative accuracy
could benefit from correcting these physical factors, using the
transmission (TX) PET scan data acquired with external
radiation sources, these corrections are technically challenging
procedures in the brain PET scans of medium-sized animals.
Since post-injection TX PET scans [9] or the X-ray CT-based
attenuation correction [10–12] are not available in most
commercial small-animal PET scanners (i.e., microPET
series of Siemens), additional time for performing TX
scanning and waiting for the radiotracer uptake is required
for the attenuation and scatter corrections. Based on our
experience with TX scanning of the cat brain using a
68Ge point source, at least 40 min was needed to obtain
TX data with sufficient count rates to allow these
corrections to be made [4, 6] even though the data were
acquired under singles-mode conditions, which is more
efficient than the conventional coincidence-mode acquisition
[8, 10]. Although attenuation correction (AC) with singles-
mode TX data acquired for less than 10 min using a 57Co point
source was reliable for rodent phantoms [13], longer scan time
would be required for imaging cat brain because of the higher
amount of photon attenuation.

In addition, the software currently used for segmented
attenuation correction [14–16] in the commercial system
used to reduce TX scanning times does not provide
anatomically correct μ-maps for cat brain PET. Especially,
this method is not reliable for noisy images [13]. These time
demands require that the cats must be placed on an imaging
bed while anesthetized for more than 60–90 min during the
PET imaging studies, thus, reducing study throughput and
increasing the probability of subject movement, e.g., due to
an animal awakening during the study, in addition to the
possible biological effects of long-term anesthesia.

Therefore, investigation of the feasibility of the AC method
that does not require TX scanning, by estimating the spatial
distribution of attenuation coefficients, only using the emission
(EM) PET data (TX-less ACmethods), is needed. In this study,
we evaluated a template-guided AC (TGAC) method that was
originally introduced for human brain PET data [17, 18] for cat
2-deoxy-2-[F-18]fluoro-D-glucose (FDG) brain PET. In addi-
tion, this method was compared with the calculated AC (CAC)
method [19, 20] with regard to compatibility with the measured
AC (MAC), which is used as the gold standard.

Materials and Methods
PET Data

For the comparison of AC methodologies, 16 FDG brain PET data
sets acquired from eight cats (weight=2.5±0.2 kg) on two occasions,
which were used for optimization of the voxel-based statistical
analysis of cat brain PET [4], were retrospectively analyzed. Briefly,
the data were acquired before and 4 months after the induction of
deafness using a microPET Focus 120 scanner [21]. The study was
approved by the institutional animal care and use committee of Seoul
National University. After achieving anesthesia, 40 min of TX data was
acquired using a 68Ge point source in singles mode. Thirty minutes after
the intravenous injection of 1 mCi/kg FDG, 30 min of EM data was
acquired. The EM data were reconstructed by 3DRP [22] and the TX
data were reconstructed by OSEM (subset=16, iteration=4) algorithms.

All TX and blank data were corrected for the intrinsic 176Lu
activity [8, 23].

Attenuation coefficient was calibrated for the compensation of
photon scatter by scaling the mean values of the attenuation coefficient
map (attenuation map or μ-map) in the brain region, up to the
theoretical attenuation coefficient of 511 keV gamma rays in soft
tissue (0.095 cm−1) [10]. The calibrated μ-map was then converted
into the attenuation correction factor (ACF) by a forward projection,
which was used for the MAC. The MAC data were used as the gold
standard in the current study, since there was no contamination on the
μ-map from the activity of the injected compounds. Scatter correction
(SC) was performed for both the EM and TX data using a single scatter
simulation scatter correction algorithm [24].

TX-less AC Methods

TGAC This method requires the standard templates of EM activity
distribution and the μ-map (EM and μ-map templates), which are
generally the averages of multiple data sets spatially normalized in
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the standard image coordinates. First, we generated the EM
template, which was not corrected for attenuation and scatter using
procedures established in our previous study [4]; the uncorrected
EM image, with the best quality and symmetric shape, was selected
as targets and smoothed using an isotropic Gaussian kernel with a
full width at half maximum of 2 mm.

The individual EM images were spatially normalized onto the
target image using only the affine transformation and then
averaged. Although the CAC EM images were used in the human
application of the TGAC [18], we used uncorrected EM data for
template generation; this was because the CAC showed limited
quantitative accuracy in the cat brain PET data from our
preliminary assessments [7]. To generate a μ-map template for the
TGAC, spatial normalization parameters for the individual EM data
points onto the target brain were reapplied to the corresponding
μ-map. The spatially normalized μ-maps from all 16 studies were
averaged to obtain the μ-map template.

Individual EM images were then spatially normalized onto the
EM template using affine and non-linear transformations using
basis function [25, 26], and inverse transformations of the μ-map
template into the individual space using the transformation
parameters acquired from the EM images were performed to obtain
the template-guided μ-map for individual data sets. The template-
guided μ-maps were then forward projected from the image space
to the sinogram space to generate the ACFs. The span number and
ring difference of the generated ACFs were the same as the EM
sinograms (span number=3, ring difference=47).

CAC CAC routine implemented in the data analysis software
(ASIpro version 5.2.2.8) was used. A uniform μ-map was obtained
by assigning the known linear attenuation coefficient of 511 keV
gamma rays for soft tissue (0.095 cm−1) to the whole head region of
the cat and forward projected to generate the ACF. The EM sinograms
were then corrected for attenuation and scatter using the ACF that was
derived from either the template-guided or uniform μ-map data sets.

Statistical Analysis

The compatibility of the TX-less AC methods with the MAC method
was evaluated by comparing the μ-maps and corrected EM images
(EMAC) obtained using the above described methods. Both the region

of interest (ROI) and voxel-based analyses were performed. MRIcron
and SPM5 software [25, 26] were used for these analyses.

ROI Analysis Twenty eight ROIs (frontal, parietal, and occipital
lobes; precentral, postcentral, superior temporal, middle temporal,
inferior temporal, and cingulate gyri; thalamus; caudate head;
inferior colliculus; and superior colliculus in both hemispheres)
were used for the ROI analysis [4]. The ROIs were drawn on the
EMAC by MAC using MRIcron software. The regional mean count
of the ROIs were calculated and normalized to the mean count of
the whole brain. Linear regression analyses between the TX-less
AC methods and MAC method were performed. Correlation
coefficients between methods were compared using Fisher’s r to
Z transformation.Fig. 1. Coronal and transverse slices of emission (a) and

μ-map (b) templates of the cat brain PET.
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Fig. 2. The μ-maps and attenuation correction factors
obtained using MAC (a) and TGAC (b) methods. c Counts
profile across the center of μ-maps (red dotted line).
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SPM Analysis Voxel-wise comparisons were performed on μ-
maps and EMAC. Transformation parameters obtained in the spatial
normalization of the individual EMAC by MAC onto the EMAC

template that was generated in our previous study [4] were
identically applied to the EMAC by the TX-less AC methods to
remove the confounding effects of the different geometrical

transformations. These parameters were also used for the spatial
normalization of the μ-maps.

The voxel size of the spatially normalized images was set to
0.3×0.3×0.3 mm. Both the μ-map and EMAC were then smoothed
with a 3-mm isotropic Gaussian kernel. Count normalization was
not performed for the μ-maps to assess the absolute differences
between μ-maps. The pixel values of the EMAC were count
normalized using the proportional scaling method with SPM
software. Finally, voxel-wise paired t tests were performed to
identify the regions with different attenuation coefficients or
radioactivity between the TX-less AC and MAC methods.

For each AC method, comparisons between the data sets
acquired before and 4 months after the induction of deafness was
also performed to explore whether the TX-less AC method had
compatible SPM results with the MAC method.

Further Validation

The cats underwent PET scans again 9 months after the induction of
deafness, and the PET data were processed in the same way. Voxel-
wise comparisons between the baseline and 9-month EMAC images
were performed to evaluate the usefulness of the TX-less AC method
for longitudinal follow-up studies. Comparison between each individ-
ual deaf data set and all eight baseline data sets was also performed.

Results
Coronal and transverse slices of the EM and μ-map
templates are shown in Fig. 1. The templates had the
average features of the shape and intensity from the
individual data. The air cavities and soft tissues were well

Fig. 3. The regions showing higher (red color) and lower
(blue color) attenuation coefficients in the TGAC (a) and the
CAC (b) compared to the MAC.

Fig. 4. Transverse images of attenuation and scatter corrected emission PET images using a MAC, b TGAC, and c CAC.
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differentiated and the bony regions, such as the skull, were
well identified in the μ-map template.

The μ-maps and ACFs generated using the MAC and
TGAC are compared in Fig. 2. The findings demonstrate that
the TGAC provided equivalent distribution of the attenuation
coefficient and correction factor compared to the MAC.
However, there was much less statistical fluctuation in
intensity with the TGAC compared to the MAC. In Fig. 2c,
the transverse count profiles across the middle of the μ-maps
are shown to demonstrate the difference in the three different
AC methodologies. The TGAC had a similar profile
compared to the MAC. However, the CAC did not reflect
the non-uniform distribution of the attenuation coefficient
across the brain and skull regions as expected. When the
percent difference between the profiles were calculated using
the following equation, it was less than 10% when compared
between the TGAC andMAC but higher than 25% in the skull
region when compared between the CAC and MAC.

%difference ¼ MAC � Xj j
MAC þ Xð Þ=2 � 100 %ð Þ;

where X represent TGAC or CAC.
Figure 3 shows the results of voxel-wise comparisons

between the μ-maps. There were no differences between the
TGAC and MAC (false detection rate corrected PG0.05,
k>50). However, the CAC showed significantly lower
attenuation coefficients than the MAC around the skull
(blue color in Fig. 3b) and was higher in the air cavity
regions such as the esophagus (red color in Fig. 3b) when
the same threshold for statistical significance was applied.
This was likely due to the assignment of a theoretical
attenuation coefficient of soft tissue at 511 keV (0.095 cm−1)
to the whole head region in the CAC.

EMAC images of a representative case obtained using the
three different AC methodologies are shown in Fig. 4. The
results show that there was almost no difference between
the TGAC (middle row) and the MAC (upper row).
However, a relatively low count was observed in the

cerebellum with the CAC (lower row). Figure 5 shows the
correlation between the regional activities obtained using
the ROIs drawn on the EMAC images corrected by the TX-
less (y-axis) and MAC (x-axis) methods. TGAC showed a
strong correlation (R2=0.96) with MAC, and the regression
line between them had almost a unit slope and no bias
(y ¼ 0:98 xþ 0:01; Fig. 5a). By contrast, the pairs of CAC
and MAC data showed a much more scattered distribution
from the regression line as shown in Fig. 5b (R2=0.84). The

Fig. 5. Correlation plots of regional emission counts. a TGAC versus MAC (y ¼ 0:98xþ 0:01, R2=0.96). b CAC versus MAC
(y=x, R2=0.84).

Fig. 6. The regions showing higher (red color) and lower
(blue color) FDG uptake in the TGAC (a) and the CAC (b)
compared to the MAC.
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ROI correlation of CAC and MAC was significantly worse
than that of TGAC and MAC (PG0.05) when they were
compared using Fisher’s r to Z transformation.

Voxel-wise comparisons between the EMAC images
corrected by the three different AC methodologies showed
a similar trend as shown in the ROI analysis (Fig. 6). There
were no regions with significant differences (corrected
PG0.05, k>50) between the TGAC and MAC except for a
small area in the cingulate cortex (MAC showed higher
uptake than TGAC, Z score=5.63). However, the regional
FDG uptake for the CAC was significantly higher compared
to the MAC in the deep gray matter regions including the
caudate and thalamus, with the same significance threshold.
The FDG uptake in the neocortical regions was, by contrast,
lower with the CAC than with the TGAC.

Fig. 7a shows the differences between the data sets
acquired before and 4 months after the induction of
deafness (group comparison). The TGAC showed results
compatible with the MAC. The regional FDG uptake in
the deaf state was lower than in the normal state in
several regions including the temporal cortex and the
inferior and superior colliculus. However, the differences
in the inferior and superior colliculus could not be
detected by the CAC data.

Figure 7b shows that the CAC results were opposite to
the MAC results in some region (hypo- versus hyper-
metabolism in frontal lobe) for the 9-month follow-up data.
In the individual analysis of the deaf cats (comparison of one
deaf versus eight normal), the TGAC had almost identical
results with the MAC, but there was some discrepancy
between the results from the CAC compared to the MAC
(Table 1, Fig. 8).

Discussion
Since anesthesia can influence the global and/or regional
distribution of radiotracers by interactions with biochemical
pathways [27–29], PET studies on conscious animals are
ideal for the accurate assessment of functional and bio-
chemical processes in living animals. Although a specially
designed PET scanner [30] or continuous motion tracking
method with a slight amount of movement restriction [31]
have been suggested for the PET scans of unanesthetized
animals, they have not been practical for use to date.
Therefore, the proper choice of the methods used as well
as the minimal use of anesthesia remains the most important
issues to consider for animal PET imaging studies, and the
minimization of the time for the total PET study is regarded
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Fig. 7. The regions showing increased (red color) and decreased (blue color) FDG uptake after the induction of deafness. a
4 months, b 9 months.
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as one of the most important factors for use of this
technology on animals.

Several methods to reduce the additional TX scanning
time have been widely applied in human PET or PET/CT
studies. These methods include post-EM TX scanning,
simultaneous TX and EM scanning, X-ray CT-based AC,
and segmented AC (SAC). However, relatively limited data
are available on the use of these approaches in animal PET
studies; this is mainly because of the less significant effects
of attenuation and scatter of gamma rays in small animals
compared to humans [1].

Post-EM TX scanning methods in small-animal PET
scanners have been evaluated, and the feasibility was
reported by several groups [8, 10, 13]. However, the noise
due to count contamination by the EM photons in the TX
data requires further correction. In a recent report [8], the
count contamination by EM, in post-EM TX using a 57Co
source, was corrected by performing additional “mock”
scanning (additional scan without external TX source for
eliminating the EM count contamination) [32]. However, the
necessity to perform an additional “mock” scan is a
limitation of this method because the post-EM TX without
“mock” scan leads to the deviation of attenuation coefficient
from the theoretical value if the high emission activities exist
as in the cat studies (injection dose ~110 MBq) [13].

For the integrated animal PET/CT system (i.e., Siemens
Inveon and GE eXplore VISTA), a CT-based AC is a possible
solution. However, most vendors do not provide this function
maybe because the CT-based AC for the animal PET/CT
system has not been validated completely yet. Further system-
atic investigation is required because of the current limitations
in CT components of commercial animal PET/CT scanners,
such as the beam hardening artifact that can cause the
erroneous corrections of attenuation and scatter.

The SAC [14–16] is a useful technology that can be used
to reduce the TX scanning time. However, there have been

reports that this algorithm has limited performance for
animal PET data [6, 8]. In addition, acquisition of additional
TX PET scanning is a limitation of this method.

TX-less AC methods have several advantages in addition
to the reduction of anesthesia use and study duration.
Because the μ-map is derived from the EM data, there are
no artifacts associated with subject movement between the
TX and EM scans. Almost noiseless μ-maps can be obtained
because the CAC assumes uniform attenuation coefficients
in the same regions, and the TGAC derives the μ-map from
a population data set. For repeated PET studies, for
monitoring treatment efficacies in animal disease models
[33–35] and investigating the functional and metabolic
changes after the implementation of neural prostheses [36,
37], the TX-less AC method would be especially useful.
Radiation exposure from TX scanning can be avoided, and
tolerance to anesthesia due to repeated administration can be
improved.

Table 1. Result of individual SPM analysis (comparison of AC methods)

Cat number Region MAC TGAC CAC

1 STG L L/R L/R
MTG L/R R L/R

2 STG L/R L/R L/R
MTG L/R L/R L/R

3 STG L/R L/R L/R
MTG L/R L/R L/R

4 STG – – –
MTG L/R R R

5 STG L/R L/R L/R
MTG L/R L/R R

6 STG L/R L/R –
MTG – – –

7 STG L/R L/R –
MTG L/R L/R –

8 STG L/R L/R –
MTG L/R L/R –

L left, R right, MAC measured attenuation correction, TGAC template-
guided attenuation correction, CAC calculated attenuation correction, STG
superior temporal gyrus, MTG middle temporal gyrus

Fig. 8. Brain regions with hypometabolism in the individual
analysis of the deaf cats (comparison of one deaf versus
eight normal).

256 J.S. Kim et al.: Template-Guided Attenuation Correction in Cat Brain PET



Integrated PET/MRI systems, based on semiconductor
photo-sensors, are being actively developed [38–41]. Because
performing TX scanning using rotating external radiation
sources is difficult in the integrated PET/MRI systems due to
insufficient space within the MRI scanner [42–44], the μ-map
could be derived from either the EM PET or the MRI data.
Therefore, the TX-less AC method could also be useful for the
simultaneous PET/MR imaging of animals [42].

The results of the present study showed that the TGAC
and MAC (the gold standard) produced almost identical
intensity distributions in the μ-maps and EMAC, which was
validated by both the ROI and SPM analyses. In the ROI
analysis, the regional distributions showed a strong correla-
tion (R2=0.96). For the SPM analysis, the group compar-
isons between normal and deaf conditions showed identical
results both in the initial and follow-up studies; especially,
the hypometabolism in superior and inferior colliculus and
frontal lobe observed respectively in the data acquired 4 and
9 months after inducing deafness were the common findings
of only the TGAC and MAC (Fig. 7). In addition, the same
results were obtained for the individual assessments of
reduced glucose metabolism in the auditory cortices after the
induction of deafness (comparison between one deaf and
eight normal cats). As shown in Table 1 and Fig. 8, the
TGAC showed almost identical results with MAC except for
two cats (#1 and #4). In these two cats, the statistical
significance of hypometabolism in temporal lobes was
relatively milder than the others. Therefore, with the given
threshold of statistical significance, only the unilateral
hypometabolism were observed in middle or superior
temporal gyrus, depending on the AC methods. However,
we could observe the common bilateral hypometabolism in
these animals by the slight adjustment of the threshold,
suggesting the additional evidence of the compatibility
between the TGAC and MAC.

Another concern of the TGAC method was how they
treat other attenuating and scatter material in the field of
view, such as the bed or any supporting material for the
animal. Although the bed in the scanner in the μ-maps of the
MAC was seen clearer than those of TGAC (Fig. 2a and b),
there were no statistical differences between MAC and
TGAC in near bed region on both SPM and ROI analysis
(Figs. 6 and 7). This implies that the influence of the bed of
the scanner would be negligible in the TGAC method.

Because the feasibility of the TGAC has been validated
only for the cat FDG brain PET, from the data collected in
the present study, further investigation on the validity of this
method for other radiotracers and animals is needed. The
feasibility of this method for the whole body PET studies of
rodents might provide an additional option for the accurate
assessment of regional activity by both the semi-quantitative
[35, 45] and kinetic modeling methods [46–48] used in
rodents.

The CAC, another TX-less AC method tested in the
present study, showed a much different pattern for the
μ-map compared to the MAC; this was mainly because

the attenuation coefficient was assigned uniformly across the
whole head region. The lower attenuation coefficients in the
bony regions, and higher attenuation coefficients in the air
cavities than their actual values, led to inaccurate assessment
of the regional distribution of FDG in both the cortical and
subcortical regions of the brain (Fig. 6b) and different
findings in the SPM group comparisons from those obtained
using MAC-derived EMAC. Improvement of this method is
expected in a future version of the data analysis software
used for microPET scanners; more sophisticated identifica-
tion methods for the head contour and/or skull regions with
more accurate prior knowledge of the cat anatomy will be
available to improve accuracy.

Although CAC-derived μ-maps were much different from
the MAC-derived data (Fig. 3b), the correlation between the
regional intensities in the EMAC were not as bad as expected
intuitively (R2=0.84; Fig. 5b). This is because the attenu-
ation correction factor is not the line integration of the μ
value itself but that of the exp(−μ ∙d), where d is the distance
through the structure [49].

Conclusion
The TGAC was reliable in cat FDG brain PET studies in
terms of compatibility with the MAC method. The TGAC
might be a useful option for increasing study throughput and
decreasing the probability of subject movement. In addition,
it might reduce the possible biological effects of long-term
anesthesia on the cat brain in investigations using animal-
dedicated PET scanners.
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