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Murine models are commonly used in neuroscience research to improve our knowledge of disease processes
and to test drug effects. To accurately study brain glucose metabolism in these animals, ex vivo
autoradiography remains the gold standard. The analysis of 3D-reconstructed autoradiographic volumes
using a voxel-wise approach allows clusters of voxels representing metabolic differences between groups to
be revealed. However, the spatial localization of these clusters requires careful visual identification by a
neuroanatomist, a time-consuming task that is often subject to misinterpretation. Moreover, the large
number of voxels to be computed in autoradiographic rodent images leads to many false positives. Here, we
proposed an original automated indexation of the results of a voxel-wise approach using an MRI-based 3D
digital atlas, followed by the restriction of the statistical analysis using atlas-based segmentation, thus taking
advantage of the specific and complementary strengths of these two approaches. In a preliminary study of
transgenic Alzheimer's mice (APP/PS1), and control littermates (PS1), we were able to achieve prompt and
direct anatomical indexation of metabolic changes detected between the two groups, revealing both hypo-
and hypermetabolism in the brain of APP/PS1 mice. Furthermore, statistical results were refined using atlas-
based segmentation: most interesting results were obtained for the hippocampus. We thus confirmed and
extended our previous results by identifying the brain structures affected in this pathological model and
demonstrating modified glucose uptake in structures like the olfactory bulb. Our combined approach thus
paves the way for a complete and accurate examination of functional data from cerebral structures involved in
models of neurodegenerative diseases.
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Introduction

Murine models are commonly used to improve our understanding
of the pathophysiology of neurodegenerative disorders such as
Alzheimer's disease (AD) and to determine the effects of drugs.
Functional alterations that occur early in the course of these diseases
can be detected by brain imaging techniques. The use of in vivo
imaging methods such as Positron Emission Tomography (PET) in the
rodent brain poses a challenge because of the limited resolution of
scans (≃500 μm) as compared to the size of the brain (≃0.5 cm3) and
because of the short acquisition time imposed by studies in live
animals. To accurately study rodent brain function at a microscopic
scale (≃20 μm), ex vivo [14C]-2-deoxyglucose (2-DG) autoradiography
thus remains the gold standard technique (Valla et al., 2006). This
imaging method relies on the injection of a radioactive analog of
glucose into the animal and its post mortem 2D localization in tissue
sections. The standard method of analysis is to manually outline
regions of interest (ROI) on images of these sections (Sadowski et al.,
2004; Valla et al., 2006) with the help of a 2D atlas (Swanson, 1998;
Paxinos and Franklin, 2001) or by directly superimposing digital
sections from such atlases onto images from functional studies
(Morrow et al., 1998; Paulson et al., 2007). However, this technique
has several drawbacks.

The first major drawback of this technique is that the data yielded
by such tissue sections is limited to two dimensions: the 3D spatial
coherence of the structure is generally lost, and analysis is restricted
to a limited number of sections. Moreover, the preparation of sections
is a tedious process and the sections presented in the atlas do not
occur exactly at the same level and are not equidistant throughout the
organ. This adds to the difficulty in identifying the structures involved
and their location. A considerable proportion of the information
contained in these images thus remains unexploited. To overcome
these limitations and thus create new possibilities for the analysis of
functional data, several methods have been developed for the
reconstruction of spatially coherent autoradiographic volumes from
serial sections (Hess et al., 1998; Malandain et al., 2004; Dubois et al.,
2010).
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Second, the manual delineation of ROIs is labor intensive, time
consuming and subject to intra/inter-operator bias. This task can be
facilitated by registering digital 3D atlases such as MRI-based atlases
to 3D-reconstructed autoradiographic data as we have previously
proposed in Lebenberg et al. (2010). This type of analysis enables the
rapid evaluation of mean activity levels in atlas-based ROIs.

Third, ROI-based analysis can lead to misinterpretation if opposing
effects occur within a single structure (Poldrack, 2007; Dubois et al.,
2010). A voxel-wise approach can be taken to avoid the bias caused by
an ROI-based approach. This method is based on the statistical
comparison of groups of images at the single-voxel scale, and yields
“clusters of voxels” that represent functional changes for a given
statistically significant level. Such an approach has been developed for
clinical studies (Friston et al., 1991, 1995) and can be carried out with
the aid of dedicated software such as Statistical Parametric Mapping
(SPM) software (Wellcome Department of Imaging Neuroscience,
London, UK). However, few post mortem functional studies on rodent
models have yet been performed with SPM (Nguyen et al., 2004; Lee
et al., 2005; Dubois et al., 2008, 2010). In this software, voxel
coordinates correspond to a human template such as the Talairach
atlas (Talairach and Tournoux, 1988; Lancaster et al., 2000) or the
template created by the Montreal Neurological Institute (Collins et al.,
1994). The indexation of metabolic changes in anatomical regions in
rodents is similarly performed by an expertwho superimposes images
of clusters onto anatomical images such as Nissl-stained images
(Dubois et al., 2010). This operator-dependent and time-consuming
task can rapidly become tedious if many clusters are detected, leading
to misinterpretation. A recent adaptation of SPM, SPMMouse, is
dedicated to small animal imaging and has been used in a
morphometric study of transgenic mice (Sawiak et al., 2009). As in
the rat studies presented by Schweinhardt et al. (2003) and Casteels
et al. (2006), the localization of clusters is indicated by their
coordinates with respect to bregma based on anatomical atlases,
and defined for the study-specific template. This approach requires
anatomical landmarks on the skull to be manually identified and
reported to the brain, a difficult task that only yields an approximate
localization of clusters (Chan et al., 2007). The clusters thus detected
also have to be visually identified by superimposing results derived
from the voxel-wise analysis onto anatomical images (Sawiak et al.,
2009). In addition, the voxel-wise analysis often suffers from the large
number of voxels to be computed, especially with high-resolution
autoradiography, which provides a lot of false positive results. A
possible partial solution to this problem is the use of the False
Discovery Rate (FDR) proposed by Benjamini and Hochberg (1995)
and recommended by Frackowiak et al. (2003), in studies dealing
with a limited number of subjects. Genovese et al. have proposed this
correction to be applied only to a subset of voxels (like voxels located
either outside the brain or within the ventricles, where no relevant
activity is expected), removing from the analysis any previously
disproved hypotheses (Genovese et al., 2002).

The present study proposed to overcome the above-cited
limitations and exploit the advantages of both the atlas-based and
voxel-wise approaches by combining the two methods of analysis in
the mouse brain. We first automatically indexed the results of the
voxel-wise approach using an MRI-based atlas, and then used atlas-
based segmentation to constrain statistical analysis, a technique
commonly known as “small-volume correction”. The use of an atlas to
automatically index clusters of voxels detected by a voxel-wise
approach has already been realized in humans (Tzourio-Mazoyer
et al., 2002; Eickhoff et al., 2005; Lehericy et al., 2006). The restriction
of the statistical analysis using segmented regions has been carried
out in human studies using spheres, manual delineation, ROIs defined
by cytoarchitectonic probabilistic maps or automatically created using
the Talairach Daemon (Maldjian et al., 2003; Eickhoff et al., 2006;
Mevel et al., 2007). Dubois et al. have manually segmented brain
structures to correct the statistical results of their rat study (Dubois
et al., 2008). They, as well as Maheswaran et al., have also proposed
the use of digital atlas-based segmentation instead of manual
delineation (Maheswaran et al., 2009a; Dubois et al., 2010). To our
knowledge, the adjustment of the voxel-wise approach using an atlas
in mouse studies has only been suggested in these works but never
carried out.

Based on the method described in Lebenberg et al. (2010), we
proposed a specific co-registration strategy to fit atlas-based anatom-
ical information to voxel-wise space. The reliability of our approach
was assessed qualitatively and quantitatively by comparing atlas-
based and manually segmented regions. The method was developed
and tested in a preliminary study on a transgenic mouse model of AD
(APPSL/PS1M146L). The functional dataset used in this study has been
analyzed in previous studies using, on the one hand, a voxel-wise
approach (Dubois et al., 2010), and on the other hand, an MRI-based
atlas approach (Lebenberg et al., 2010). Here, we assessed the
relevance of combining the two approaches by comparing the
functional parameters yielded using this new approach with results
previously described in the literature.

Materials and methods

Biological data

Animals
Our method was applied to four APPSL/PS1M146L mice (64±1 weeks

old) and three control PS1M146L littermates (65±2 weeks old), with a
C57Bl/6 genetic background. PS1M146L littermates are amyloid-free and
were used as controls for APPSL/PS1M146L mice (Delatour et al., 2006).
Supplementary details concerning theAPPSL/PS1M146L transgenicmouse
model ofAlzheimer's disease are described inBlanchard et al. (2003). All
procedures were carried out in accordance with the recommendations
of the EEC (directive 86/609/EEC) and the French National Committee
(decree 87/848) for the use of laboratory animals.

Data acquisition
[14C]-2-deoxyglucose (2-DG) was injected in vivo to evaluate

cerebral glucose uptake in mouse brains by quantitative autoradiog-
raphy. Additional details of 2-DG experiments are described in Hérard
et al. (2005), with the exception that in our study, animals were
awake but non-stimulated. Glucose uptake was measured only in the
right hemisphere, which was extracted following euthanasia for ex
situ analysis and cut into 20 μm-thick serial coronal sections in a
cryostat. The non-subcortical part of the olfactory bulb and cerebel-
lum were excluded (see top left of Fig. 1). Every fourth serial section
was mounted on a Superfrost glass slide and exposed to autoradio-
graphic film, together with radioactive [14C] standards. The same
sections were also processed for Nissl staining in order to obtain
anatomical information. Images from the brain surface, corresponding
to the sections processed, were recorded prior to sectioning using a
digital camera with an in-plane resolution of 27×27μm2. Technical
details concerning imaging systems used to acquire the above data are
more largely described in Dubois et al. (2010) and in Lebenberg et al.
(2010).

3D-reconstructed multimodal post mortem data
Autoradiographs and histological sections were digitized as 8-bit

grayscale images using a flatbed scanner with a 1200 dpi in-plane
resolution (pixel size 21×21 μm2). Using BrainRAT (toolbox of the
free software BrainVISA, http://brainvisa.info/) and the method
presented in Dubois et al. (2010), three spatially coherent 3D-
reconstructed post mortem volumes were obtained for each mouse
with a common frame of reference: one block-face volume (350×
308×120 array with a resolution of 27×27×80 μm3), one autora-
diographic, and one histological volume each (479×420×120 array
with a resolution of 21×21×80 μm3).

http://brainvisa.info/


Fig. 1. Overview of our method to automatically index and analyze metabolic changes detected by a voxel-wise approach using an MRI-based digital atlas: the left top part of the
figure represents the part of the brain under study in 3D (subvolume in red); (A) creation of a study-specific template based on block-face volumes; (B) computation of statistical
parametric maps from 3D-reconstructed autoradiographic volumes of the dataset to provide clusters of voxels displaying metabolic changes between strains and automated analysis
of functional volumes of the dataset; (C) registration of an MRI-based digital atlas to the study-specific template followed by the superimposition of the registered atlas on statistical
parametric maps; (D) automated indexation of clusters of voxels without (D1) and with (D2) small-volume correction and automated analysis of functional volumes of the dataset
using the indexed clusters.
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MRI-based 3D digital mouse brain atlas

Data acquisition
TheMRI-based 3D digital atlas used for our study was downloaded

from the Website of the Center for In Vivo Microscopy (http://www.
civm.duhs.duke.edu/) and is currently available at the Biomedical
Informatics Research Network (BIRN) Data Repository (BDR) (https://
bdr-portal.nbirn.net/). This atlas was derived from T1 and T2-
weighted 3D MR images (9.4 T) of one young adult (9–12 weeks)
C57Bl/6 J mouse (same genetic background as our animals). To
enhance image quality, and preserve in vivo geometry, MR images
were acquired in situ, i.e. within the cranial vault, after active staining
of the brain (Johnson et al., 2007; Badea et al., 2007; Dorr et al., 2008).
T2-weightedMRIwas processed using theMEFICmethod (Sharief and
Johnson, 2006). The isotropic scan resolutions were 21.5 μm (T1) and
43 μm (T2) using 512×512×1024 and 256×256×512 arrays respec-
tively. Thirty-three anatomical structures were semi-automatically
segmented as described in Sharief et al. (2008).

Data post-processing
To enable the study of the biological data, the MRI and atlas

volumes were reoriented as described in Prima et al. (2002) to realign
the interhemispheric plane with our referential axes. The hemisphere
to be studied was thus automatically extracted. We then interactively
cropped the MRI to select (and preserve) the part of the hemisphere
to be registered (excluding the cerebellum and olfactory bulb in the
present work). The atlas volume was automatically cropped using
parameters determined previously.

The work described in Dubois et al. (2010) highlighted metabolic
changes between the two groups of animals in the cingulate and
retrosplenial cortex. This anterior part of the cortex was not segmented
in the MRI-based digital atlas. This region was therefore manually
segmented by a neuroanatomist from the original MRI-based atlas
segment delineating the whole cortex and using the T1-weighted MRI
contrast. It added to theROI list in order to confirmmetabolic changes in
this area.
Detection of metabolic changes using a voxel-wise approach

Creation of a study-specific template and spatial normalization of
autoradiographic volumes

The detection of metabolic changes in mouse brains was
performed using the SPMMouse extension of the 5th version of the
Statistical Parametric Mapping software (SPM5: Wellcome Depart-
ment of Imaging Neuroscience, London, UK) dedicated to the study of
images from small animal brains (Sawiak et al., 2009). To analyze 3D-
reconstructed autoradiographic data, a study-specific template based
on block-face volumes was first created (Fig. 1A) using a protocol
described previously (Nguyen et al., 2004; Dubois et al., 2008) : 1) one
block-face volume has been chosen as reference for the study-specific
template, 2) the image was smoothed using a Gaussian kernel so that
the FWHM was equal to 3 times the voxel size of the data
(81×81×240 microns), 3) all block-face volumes were then spatially
normalized to this smoothed data using linear and nonlinear trans-
formations implemented using the SPMMouse software, 4) an
average volume was created from spatially normalized block-face
volumes and 5) the mean image was smoothed using the same filter
as the one used previously. Autoradiographic volumes were then
spatially normalized to this template using linear and nonlinear
transformations implemented using the same software. To measure
glucose uptake, gray-level intensities of the spatially normalized
autoradiographic volumes were calibrated using co-exposed [14C]
standards and converted into activity values (nCi/g). Corrective
coefficients were applied to normalize global brain activity so as to
allow comparison between strains (Valla et al., 2006). Finally,
functional data were smoothed using a Gaussian kernel so that the
FWHM was equal to 3 times the voxel size of the data (63×63×240
microns).

Statistical design in SPMMouse
Using a two-sample t-test, two contrasts were evaluated indepen-

dently to produce statistical parametric maps from the gray-level
intensities of autoradiographic volumes: 1) voxels with a lower 2-DG

http://www.civm.duhs.duke.edu/
http://www.civm.duhs.duke.edu/
https://bdr-portal.nbirn.net/
https://bdr-portal.nbirn.net/
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uptake inAPP/PS1mice than in PS1 controls (APP/PS1hypometabolism),
and 2) voxels with a higher 2-DG uptake in APP/PS1 mice than in PS1
controls (APP/PS1 hypermetabolism) (Fig. 1B). The background and
ventricles were subtracted from the analysis using a pre-specified
threshold: only had been kept the voxels whose intensity, in all the
images, was at least equal to 80% of the average intensities of image
voxels. As in a previous study (Dubois et al., 2010), clusters of voxels
representingmetabolic changes were determined using Pb0.01 (uncor-
rected for multiple comparisons) as the level of statistical significance.
Each cluster contained at least 1500 contiguous voxels (cluster
size≳0.05 mm3).

Evaluation of metabolic changes displayed by the clusters
The average uptake of 2-DG (nCi/g, mean±SEM, with SEM the

associated standard error of the mean) was measured in autoradio-
graphic volumes from all APP/PS1 and PS1 mice for each cluster
detected by the voxel-wise approach. Measurement was carried out
using functions implemented in C++ using in-house software. The
percentage of metabolic differences between strains was calculated
from these values for each brain structure.

Automated indexation of detected clusters using the digital atlas

Registration of the digital atlas to the study-specific template
Digital atlas-based segmentation was used to automatically

localize the clusters of voxels detected by the voxel-wise analysis.
As statistical parametric maps were in the same frame of reference
as the study-specific template, we first linearly registered the T1-
weighted MRI to the study-specific template based on block-face
volumes, using rigid and affine transformations as described in
Lebenberg et al. (2010). A nonlinear deformation, initialized using the
previously estimated transformation, was then carried out using the
Free Form Deformation method to locally enhance MRI and template
registration (Rueckert et al., 1999; Mattes et al., 2003). The MRI and
the corresponding digital atlas were then warped using the final
A

B

C

Fig. 2. Overview of the method to quantitatively evaluate the registration of the digital atlas
register (A) the MRI to (C) the study-specific template; deformation of (B) the atlas using pa
(C) the study-specific template; deformation of (E) the manual segmentation using param
based and manual segments.
estimated transformation. This strategy is illustrated in Fig. 1C. The
mathematical algorithms were all implemented in C++ using in-
house software. BrainVISA pipelines were developed in Python to link
registration steps with limited operator intervention.

Evaluation of registration
Registration accuracy was qualitatively assessed by a visual

inspection of the superimposition of the inner and outer contours of
registered MRI (extracted using a Deriche Filter (Deriche, 1987)) on a
3D-reconstructed histological volume of the dataset, spatially nor-
malized to the study-specific template using linear and nonlinear
transformations implemented in SPMMouse.

To quantitatively evaluate data registration, the superimposition
between atlas-based segmentation and ROIs manually delineated
within the histological volumes was measured using overlap criteria.
The hippocampus, cortex, striatum (merging of the accumbens
nucleus and caudate putamen ROIs), corpus callosum and substantia
nigra were manually delineated in one Nissl-stained APP/PS1 and one
PS1 mouse brain. Block-face volumes corresponding to these
histological volumes were spatially normalized to the study-specific
template using linear and nonlinear transformations implemented in
SPMMouse. The estimated deformation parameters were applied to
the manual delineations to register them to the study-specific
template. Volume differences, sensitivity and Dice coefficients (Dice,
1945) between registered atlas-based and manual ROIs were
computed as overlap criteria. It should be noted that a Dice coefficient
greater than 0.7 is considered in the literature to indicate a good level
of concordance between the two types of segmentation (Zijdenbos
et al., 1994). An overview of the method established to quantitatively
evaluate data registration is illustrated in Fig. 2.

Classification of detected clusters within atlas-based segments
The registered atlas was superimposed onto statistical parametric

maps. A visual evaluation enabled the direct indexation of the clusters
detected within anatomical regions segmented in the digital atlas.
D

E

to the study-specific template: estimation of rigid, affine and elastic transformations to
rameters previously estimated; spatial normalization of (D) the block-faces volumes to
eters previously estimated. Overlap criteria were calculated between deformed atlas-

image of Fig.�2
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Volumetric and functional analysis of metabolic changes classified
according to atlas-based segmentation

Overlap rate between detected clusters and atlas-based segments
Clusters representing metabolic changes were automatically

classified within atlas-based ROIs according to their degree of overlap
(Fig. 1D-1). The distribution of clusters in the mouse hemibrain was
analyzed by computing the percentage of cluster voxels that over-
lapped with ROI voxels, as previously performed in humans (Tzourio-
Mazoyer et al., 2002; Eickhoff et al., 2005). As clusters of voxels can be
spread over several ROIs, we computed the volumes of each part of a
cluster automatically indexed to a given atlas-based segment (called a
subcluster) to confirm that it belonged to the anatomical region in
question and exclude potential atlas misregistration to the study-
specific template. We assumed that all subclusters smaller than
0.05 mm3 were due to atlas misregistration. A visual inspection of the
superimposition of clusters with atlas-based segments and with
histological volumes was carried out to confirm this assumption.

Functional analysis of clusters spread over several atlas-based segments
The significant spreading of a cluster over several atlas-based

segments could be due to the statistical inferences presets built into
SPMMouse. In this case, we assumed that some clusters were the
result of the merging of separate but smaller clusters, and that the
average 2-DG uptake of autoradiographic volumes would therefore be
different in subclusters extracted from a “single” cluster between APP/
PS1 and PS1 mice. We thus measured average 2-DG uptakes (nCi/g,
mean±SEM) in each subcluster and the percentage of metabolic
differences between strains calculated from these values.

Small-volume correction using the registered digital atlas

The statistical design described above can lead to a large number of
false positives in statistical parametric maps (P×n, where P is the
statistical significance level chosen and n the number of voxels
detected as positive for the statistical test). To reduce the proportion
of false positives compared to the total number of activated voxels, we
reduced the number of tests realized simultaneously using atlas-
A

C

Fig. 3. The left part of the figure represents the part of the brain under study in 3D (subvolum
and (C and D) 2D representations of clusters of voxels yielded by voxel-wise analysis (in g
based ROIs, and then applied the FDR correction to the selected parts
of the images.

Statistical analysis based on the two-sample t-test was also
constrained by successively using each registered atlas-based segment
as an explicit mask in the statistical design in SPMMouse (Fig. 1D-2).
The two types of contrast (APP/PS1hypo- andhypermetabolism)were
again evaluated using the FDR correction, taking Pb0.05 as the level of
statistical significance and without any restriction on the minimum
number of contiguous voxels (extend threshold=0).

Due to the reduced number of subjects involved, the results
obtained must be considered as preliminary.
Results

Detection of metabolic changes using a voxel-wise approach

Estimated statistical parametric maps taking Pb0.01 (uncorrected
for multiple comparisons) as to be the level of statistical significance
and containing at least 1500 contiguous voxels yielded 9 clusters
showing hypometabolism in APP/PS1 mice and 8 showing hyperme-
tabolism. Fig. 3 displays in 3D (A and B) and in 2D (C and D) these
regions of lower and higher 2-DG uptake in APP/PS1 when compared
to PS1 mice. As shown in this figure, areas of hypometabolism in APP/
PS1 mice occupied a larger volume than those of hypermetabolism in
the brain of these animals. We also observed that areas with
differences in metabolism between strains were distributed through-
out the hemisphere. Finally, this figure illustrates the challenge posed
by the classification of clusters into anatomical ROIs, even with the
help of an atlas such as the one presented by (Paxinos and Franklin,
2001).

Table 1 indicates the average 2-DG uptake (nCi/g, mean±SEM) of
each group and the percentage of metabolic differences between
strains. Clusters were assigned arbitrary numbers for identification.
Table 1A shows that the average activity of clusters inwhich therewas
hypometabolismwas∼19% lower in APP/PS1 than in PS1mice.Within
clusters representing hypermetabolism (Table 1B), the average
activity was ∼26% higher in APP/PS1 than in PS1 mice.
B

D

e in red at the top) and in 2D (in the red dotted rectangle at the bottom). (A and B) 3D
ray), revealing areas of lower and higher glucose uptake in APP/PS1 than in PS1 mice.



Table 1
Quantification of hypo- (A) and hypermetabolism (B) in APP/PS1 mice and percentage of
difference between APP/PS1 and PS1 mice (results of the voxel-wise analysis using
Pb0.01 uncorrected for multiple comparisons and extent threshold=1500).

No. of cluster PS1 mice (n = = 3)

µact ± ± SEM (nCi/g)

APP/PS1 mice (n = = 4)

µact ± ± SEM (nCi/g)

% diff

between groups

(A) Clusters showing lower glucose uptake areas in APP/PS1 than in PS1 mice

− − 16.99

− − 24.67

− − 15.54

− − 17.30

− − 20.47

− − 20.31

− − 19.28

− − 18.23

− − 17.07

(B) Clusters showing higher glucose uptake areas in APP/PS1 than PS1 mice

1 307.22 ± ± 1.80 255.01 ± ± 0.49

2 366.22 ± ± 13.88 275.88 ± ± 2.97

3 319.97 ± ± 3.86 270.24 ± ± 3.49

4 320.78 ± ± 2.64 265.28 ± ± 1.15

5 333.07 ± ± 9.39 264.88 ± ± 1.74

6 302.83 ± ± 3.24 241.31 ± ± 2.40

7 282.91 ± ± 2.52 228.37 ± ± 2.94

8 336.98 ± ± 6.09 275.56 ± ± 2.24

9 338.87 ± ± 3.66 281.03 ± ± 5.85

1 171.28 ± ± 14.48 278.26 ± ± 6.22 + + 62.46

2 240.33 ± ± 2.34 283.98 ± ± 2.21 + + 18.16

3 256.06 ± ± 0.55 309.03 ± ± 4.13 + + 20.69

4 238.51 ± ± 2.05 294.80 ± ± 2.17 + + 23.60

5 190.77 ± ± 3.97 238.39 ± ± 2.33 + + 24.97

6 260.64 ± ± 1.87 297.08 ± ± 1.86 + + 13.98

7 272.08 ± ± 7.02 345.86 ± ± 7.08 + + 27.12

8 209.88 ± ± 2.25 247.63 ± ± 1.58 + + 17.99

Comparison of mean activity (mean±SEM (nCi/g)) measured in clusters of voxels
resulting from the voxel-wise approach. For clusters displaying hypo- (A) and
hypermetabolism (B) in APP/PS1 mice, the percentage of difference between APP/PS1 and
PS1 mice was computed. Average activity within clusters representing hypometabolism
was ~19% lower in APP/PS1 than in PS1 mice. Within clusters/subclusters representing
hypermetabolism, the average activity was ~26% higher in APP/PS1 than in PS1 mice.
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Automated indexation of detected clusters using the digital atlas

Digital atlas and study-specific template registration
Visual inspection indicated the good registration of MRI-based

inner structures (such as the hippocampus and corpus callosum) and
external contours to a 3D-reconstructed histological volume of the
dataset, spatially normalized to the study-specific template (see
Fig. 4). Deformation grids, illustrated in Fig. 4C, show that nonlinear
transformation homogeneously deformed MR images to register this
volume to the block-face template.

Table 2 displays volume differences, Dice coefficients and
sensitivity computed for the atlas-based and manual segmentation
of the cortex, corpus callosum, hippocampus, striatum and substantia
A B C

Fig. 4. Superimposition of the contours of the T1-weighted MR image (in white) on one
3D-reconstructed histological volume spatially normalized to the study-specific
template, before (A) and after (B) the registration process. The external contours (1)
and those defining inner structures such as the corpus callosum (2) and the
hippocampus (3) visually attest to the successful registration of the two types of data
(B). Deformation grids (C) show that the nonlinear transformation homogeneously
deformed the MRI to register this volume to the block-face template.
nigra of one PS1 and one APP/PS1 mouse, registered to the study-
specific template as described in Fig. 2. Volume difference scores show
that the atlas enabled the volume of the cortex to be evaluated from
the block-face template with a mean error of 5% (corresponding to
∼4 mm3 per hemisphere), the corpus callosum with a mean error of
14% (∼1 mm3 per hemisphere), the hippocampal volumewith amean
error of 12% (∼2 mm3 per hemisphere), striatal volume with a mean
error of 8% (∼1 mm3 per hemisphere) and the volume of the
substantia nigra with a mean error of 7% (∼0.1 mm3 per hemisphere).
Dice coefficients and sensitivity indices obtained for large structures
(∼0.79 and ∼0.77 resp.) were higher than those obtained for small or
thin ROIs such as the corpus callosum or the substantia nigra (κ ∼0.45
and Se ∼0.43).

Automated classification of detected clusters within the mouse brain
To automatically classify clusters of voxels within cerebral struc-

tures, the registered atlas was superimposed onto statistical parametric
maps. Visual inspections carried out using 2D views such as those
illustrated in Fig. 5 enabled the direct indexation of detected clusters
within anatomical ROIs: clusters observed in Fig. 5A belonged to the
retrosplenial and cingulate cortex, the “rest of the cortex” (i.e. the cortex
excluding the retrosplenial and cingulate regions), the hippocampus or
the thalamus. Clusters detected for this contrast type (hypometabolism)
were also assigned to the brainstem, the cerebellum, the corpus
callosum, the inferior and superior colliculi, the internal capsule, the
merging of the septum and the fimbria, the striatum and the ventricles.
The clusters observed in Fig. 5B were indexed within the “rest of the
cortex” and the hippocampus. An inspection of the rest of the results
obtained for this second contrast type (hypermetabolism) revealed
clusters in the amygdala, the anterior commissure, the corpus callosum,
the olfactory bulb and the striatum.

These observations reveal that clusters displaying metabolic
changes between APP/PS1 and PS1 mice can be spread over several
anatomical structures (white circle in Fig. 5A). Figs. 6A and B illustrate
3D clusters displaying hypo- and hypermetabolism respectively in
APP/PS1 mice, and which are undoubtedly spread over several ROIs.

Volumetric and functional analysis of metabolic changes classified
within atlas-based segments

Overlap rate between detected clusters and atlas-based segments
Table 3 presents the rate of overlap between the clusters detected

and atlas-based segments. Table 3A shows that 3 of the 9 clusters
displaying hypometabolism in APP/PS1micewere entirely included in
the ROI called the “rest of the cortex” (clusters 3, 8 and 9). Of the
8 clusters displaying hypermetabolism in APP/PS1 mice, 1 was also
entirely included in this ROI (cluster 1).

Based on these rates, we were able to automatically compute the
volume of each subcluster belonging to a specific structure. All
subclusters smaller than 0.05 mm3 (minimum cluster size required by
Table 2
Computation of overlap criteria for 5 ROIs of one PS1 and one APP/PS1 mouse.

PS1 mouse
(ctrl)

APP/PS1 mouse
(AD model)

ΔV κ Se ΔV κ Se

Cortex 0.06 0.83 0.86 0.04 0.74 0.73
Corpus callosum 0.27 0.55 0.49 0.01 0.31 0.31
Hippocampus 0.16 0.83 0.77 0.08 0.75 0.72
Striatum 0.12 0.83 0.78 0.04 0.75 0.77
Substantia nigra 0.11 0.42 0.40 0.02 0.52 0.52

Volume difference (ΔV), Dice coefficient (κ) and Sensitivity (Se) computed for the
cerebral cortex, corpus callosum, hippocampus, striatum and substantia nigra of one
PS1 and one APP/PS1 mouse registered to the study-specific template, to evaluate the
concordance between registered atlas-based and manually delineated ROIs. Final mean
scores show that the atlas assigned most voxels to the appropriate structure.



A B

Fig. 5. Fusion of registered atlas-based segments, clusters detected with lower (A) and
higher (B) glucose uptake in APP/PS1 than in PS1 mice, and histological data spatially
normalized to the block-face template. The white circle in (A) shows that one cluster
can be spread over several anatomical structures.
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the statistical design) were considered to be the consequence of atlas
misregistration and excluded from subsequent analysis. Clusters 1, 2
and 5 which displayed hypometabolism in APP/PS1 mice, were thus
automatically reclassified within the striatum, the retrosplenial and
cingulate cortex, and the thalamus, respectively. Clusters 2, 3 and 6
which displayed hypermetabolism in APP/PS1 mice, were automat-
ically indexed in the “rest of the cortex”. Cluster 8, detected in the
latter contrast group, was automatically assigned to the amygdala.
A-

B-

Fig. 6. 3D representation of clusters of voxels displaying metabolic differences between
APP/PS1 and PS1mice and spread over several anatomical structures: in (A), a cluster of
voxels showing hypometabolism in APP/PS1 mice and belonging to the atlas-based
ROIs “cingulate/retrosplenial cortex” (purple) and “rest of cortex” (yellow); in (B), a
cluster of voxels displaying hypermetabolism in APP/PS1 mice and spreading over the
“striatum” (blue) and the “olfactory bulb”(orange).
One cluster belonging to the ventricles (cluster 7, APP/PS1
hypometabolism) was also considered to be misregistered, since the
ventricles had been subtracted from the analysis beforehand. After
visual inspection, the concerned part of this cluster was merged with
the closest ROI, i.e. the striatum, for functional analysis.

Only the overlapping areas highlighted in gray in Table 3 were
included in the subsequent analysis. A 3D representation of atlas-
indexed clusters is displayed in Fig. 7.
Functional analysis of clusters spread over several atlas-based segments
Table 4 compares the activity per group measured in each subpart

of clusters spread over several atlas-based ROIs.

In Table 4A:

• Glucose uptake measured in subparts of cluster 4. Results show that
the percentage of metabolic difference between strains was 2 points
greater for the subcluster assigned to the “cingulate and retro-
splenial cortex” than for the subcluster classified within the ROI
“rest of the cortex”.

• Glucose uptakemeasured in subparts of cluster 6. The table shows that
the percentage of metabolic difference between strains was 2 points
lower for the subcluster indexed within the ROI “rest of the cortex”
than for the subcluster classified within the hippocampus and the
cingulate and retrosplenial cortex.

In Table 4B:

• Glucose uptake measured in subparts of cluster 4. Activitymeasured in
the subcluster assigned to the olfactory bulb was lower than that
measured in the subcluster indexedwithin the striatum. In addition,
the percentage of metabolic difference between strains for the first
subcluster was 10 points higher than for the second subcluster.

• Glucose uptake measured in subparts of cluster 5. Results show that
the activity measured in the subcluster classified within the corpus
callosum was lower than in the subcluster indexed within the
hippocampus. The percentage of metabolic difference between
strains computed for the first subcluster was more than 3 points
higher than for the second subcluster.

• Glucose uptakemeasured in subparts of cluster 7. The table shows that
activity measured in the subcluster classified within the cortex was
similar to that measured in the subcluster indexed within the
striatum.
Small-volume correction using the registered digital atlas

Statistical analysis of the results indicated above was constrained
by successively using each registered atlas-based segment as an
explicit mask in the statistical design of SPMMouse. This enabled the
number of voxels tested to be reduced by a factor of 10 or 100.

Only the application of the hippocampal mask onto functional data
permitted an FDR correction of the statistical analysis for the contrast
“APP/PS1 hypometabolism”, considering Pb0.05 as the level of
statistical significance and without any restriction on the minimum
number of contiguous voxels. The percentage of metabolic difference
between strains was estimated around ∼-22.39%, i.e. 2 points higher
than that computed for the subcluster indexed within the hippocam-
pus (see Table 4A).

Fig. 8 illustrates the hippocampal area of lower glucose uptake in
APP/PS1 than in PS1mice, obtainedwith (dark red) andwithout (light
red) correction for multiple comparisons. The area yielded by the
constrained analysis was ∼0.74 mm3, compared to the unrestricted
area of ∼1.39 mm3.



Table 3
Percentage of cluster voxels overlapping with atlas-ROI voxels.

(A) Clusters showing lower glucose uptake areas in APP/PS1 than in PS1 mice

No. and volume of the cluster (mm3)Atlas—based ROIs

Brainstem

Cerebellum

Cing./retro. cortex

Rest of cortex

Corpus callosum

Hippocampus

Inf. colliculus

Internal capsule

Septum/fimbria

Striatum

Sup. colliculus

Thalamus

Ventricles

9
0.08

—

—

—

100

—

—

—

—

—

—

—

—

—

(B) Clusters showing higher glucose uptake areas in APP/PS1 than PS1 mice

Amygdala

Ant. commissure

Corpus callosum

Rest of cortex

Hippocampus

Olf. bulb

Striatum

1
0.33

—

—

—

9.23

1.42

—

—

—

—

89.36

—

—

—

0.06

100

—

—

—

—

—

—

2
0.50

—

—

98.49

0.10

1.41

—

—

—

—

—

—

—

—

0.29

99.05

0.24

—

0.71

—

—

—

3
0.05

—

—

—

100

—

—

—

—

—

—

—

—

—

0.18

5.13

—

—

91.54

—

—

3.33

4
0.46

—

—

72.17

27.69

0.14

—

—

—

—

—

—

—

—

0.17

—

5.37

—

1.87

—

45.43

47.33

5
1.36

0.06

—

—

—

—

—

—

—

—

—

99.94

—

—

0.33

25.17

—

—

0.43

74.40

—

—

6
1.65

0.01

0.01

2.86

9.97

84.41

0.02

1.16

—

—

1.49

0.09

—

—

0.07

20.26

—

—

79.09

—

—

0.65

7
0.23

—

—

—

0.15

—

1.69

—

0.60

1.83

51.04

—

—

44.68

0.39

—

—

—

—

—

77.13

22.87

8
0.50

—

—

—

100

—

—

—

—

—

—

—

—

—

0.13

73.41

—

—

—

—

26.49

0.10

No. and volume of the cluster (mm3) Atlas—based ROIs

1 2 3 4 5 6 7 8

Computation of percentage of cluster voxels showing hypo- (A) and hypermetabolism
(B) in APP/PS1 mice overlapping with atlas-ROI voxels (results obtained with Pb0.01
uncorrected for multiple comparisons and an extent threshold=1500 voxels). Whereas
some clusters of voxels were entirely included within a single ROI, others were spread over
several anatomical structures. Among the latter, only subclusters greater than 0.05
mm3 (minimum cluster size required for the statistical design) were considered for
subsequent analysis (high-lighted in gray). Since the ventricles were subtracted from the
statistical analysis, the subcluster classified in this ROI (in A) was merged with the closest
subcluster, i.e., the one indexed in the striatum.
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Discussion

The main goal of this study was to improve on the atlas-based and
voxel-wise approaches used individually for the analysis of post
mortemmouse brain functional images, by proposing a more efficient
combined approach.

The usual method to study these images uses an ROI-based
approach carried out with 2D sections. To overcome the limitations
caused by numerous manual delineations, we previously registered a
3D digital MRI-based atlas to 3D-reconstructed functional data
A B

Fig. 7. 3D representation of clusters displaying metabolic differences between APP/PS1
and PS1 mice and automatically indexed within various anatomical structures using
atlas-based segmentation.
(Lebenberg et al., 2010). However, such an analysis may fail if areas
with variations are small in comparison with the size of ROIs, or if
opposing effects occur within a single structure (Poldrack, 2007).
Other approaches such as voxel-wise analysis have been tested to
detect local functional changes and have revealed areas of hypo- and
hypermetabolism within a single structure (Dubois et al., 2010).
However, the localization and anatomical identification of areas
displaying changes still need time-consuming expert intervention
(see Fig. 3).

We thus proposed a combination of the advantages offered by the
two approaches: 1) functional data were analyzed using a voxel-wise
approach to reveal slight metabolic changes, and 2) a digital atlas was
used to index these results. As a first step, we sought to spatially
analyze the results of the voxel-wise approach using atlas-guided
digital mapping. We then constrained the statistical analysis using
atlas-based segmentation. Two aspects of this combined approach
proved to be challenging. The first was to validate the registration of
an MRI-based atlas to the statistical parametric maps that yielded
clusters of activated voxels. The second was to evaluate whether
small-volume corrections could be applied to the voxel-wise analysis
of autoradiographic data from rodents using an MRI-based atlas, and
whether such a combination of methods could improve the results
obtained from a study with a small number of animals (4 ADmice and
3 control littermates), especially those that had not been previously
stimulated or lesioned.

Digital atlas and study-specific template registration

Digital atlas-based segmentation was used to automatically localize
clusters detected by the voxel-wise approach. Since the statistical
parametric maps generated were in the same frame of reference as the
study-specific template, the T1-weighted MRI corresponding to the
digital atlas and the atlas-based volume were automatically registered
to these maps using the strategy described in Lebenberg et al. (2010),
with the block-face template as the reference image.

Visual inspection confirmed that the registration of MRI-defined
inner structures and external contours to a 3D-reconstructed
histological volume of the dataset spatially normalized to the study-
specific template was accurate (see Fig. 4). The quantitative
evaluation performed by computing criteria for the overlap of atlas-
based segments and manually delineated ROIs (see Table 2) attests
that the atlas correctly assigned most voxels to the appropriate
structure. The lower scores computed for small and deep ROIs (corpus
callosum and substantia nigra) suggest that the identification of these
regions should be verified.

These results could be due to the multimodal registration process,
since the information contained in one image is not necessarily present
in others. Additional registration difficulties surfaced because we
registered cropped whole-brain MR images to a smoothed template
based on post mortem block-face hemibrain images, acquired inside
and outside the skull respectively. Cerebral tissue could have been
damaged due to handling (some parts of the experimental images
could have thus been deformed), and the loss of the meninges and
cerebrospinal fluid during brain extraction from the skull and the
separation of the hemispheres could have resulted in additional
deformation. Some ROIs, such as the ventricles and neighboring
structures, especially thin regions like the corpus callosum, could have
beenmisregistered as a consequence of ventricular collapse. This could
explain the low overlap scores obtained for this ROI. In addition, the
registration strategywasmainly driven by large and noncomplex ROIs
at the expense of small and complex anatomical structures, thus
weighting the contribution of the ROIs involved to the registration
process. The good registration of a leading ROI could thus have
generated registration errors in a smaller adjacent area. The smoothing
and spatial normalization steps required to create the reference image
could also have rendered small and deep ROIs undiscernible on the



Table 4
Comparison of mean activity measured in each subpart of clusters spread over several atlas-based ROIs.

Atlas-based PS1 mice (n=3) APP/PS1 mice (n=4)

(A) Clusters showing lower glucose uptake areas in APP/PS1 than in PS1 mice

(B) Clusters showing higher glucose uptake areas in APP/PS1 than in PS1 mice

No. of

cluster

4

6

4

5

7

ROIs

Cing./retro. cortex

Rest of cortex

Cing./retro. cortex

Rest of cortex

Hippocampus

Olf. bulb

Striatum

Corpus callosum

Hippocampus

Rest of cortex

Striatum

µact ± SEM (nCi/g)

318.87 ± 4.32

326.16 ± 3.02

311.03 ± 7.80

310.38 ± 3.94

301.42 ± 3.21

217.98 ± 4.51

258.01 ± 0.73

180.00 ± 4.21

194.54 ± 3.94

271.06 ± 7.63

275.53 ± 5.63

µact ± SEM (nCi/g)

261.92 ± 1.14

274.41 ± 1.93

247.50 ± 5.13

254.50 ± 3.48

239.33 ± 3.19

281.99 ± 3.17

307.11 ± 1.94

229.67 ± 2.05

241.54 ± 2.43

344.79 ± 7.32

349.46 ± 6.37

% diff

between groups

−17.86

−15.87

−20.43

−18.00

−20.60

+29.37

+19.03

+27.60

+24.16

+27.20

+26.83

The mean activity (mean±SEM (nCi/g)) was measured in each part of a cluster spread over several atlas-based ROIs. For subclusters displaying hypo- (A) and hypermetabolism (B) in APP/PS1
mice, the percentage of difference between APP/PS1 and PS1 mice was computed. Results obtained for clusters 4 and 6 in (A) and for clusters 4 and 5 in (B) show that the activity of
each subpart extracted from a cluster was different. Glucose uptake was similar in subparts extracted from the cluster 7 in (B).
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representative image. Their localization on the template using the atlas
was thus more complex. The use of a probabilistic atlas to segment a
template based on block-face volumes may improve registration
results, and thus, template analysis.
Automated indexation of detected clusters using the digital atlas

The indexation of metabolic differences between strains of
transgenic mice was directly performed by superimposing the
registered atlas onto statistical parametric maps. Visual inspections
of 2D and 3D images led to the conclusion that clusters displaying
metabolic changes between APP/PS1 and PS1 mice could be spread
over several anatomical structures (see Figs. 5 and 6). We also noticed
that some anatomical structures in APP/PS1mice displayed both areas
with hypometabolism and with hypermetabolism (hippocampus,
striatum, corpus callosum and the cortex excluding the cingulate and
retrosplenial parts). Interestingly, our approach identified structures
such as the olfactory bulb and the corpus callosum as being potentially
Fig. 8. 3D representation of a cluster displaying hypometabolism in APP/PS1 mice in the
hippocampal region obtained without (light red) and with (dark red) correction for
multiple comparisons (FDR correction). The restriction of the statistical analysis using a
hippocampal mask provided a cluster (∼0.74 mm3) with a metabolic difference
between strains equal to ∼−22.39%, i.e. greater than the difference obtained without
correction (∼−20.60% measured over ∼1.39 mm3).
involved in Alzheimer's disease. This could have been missed with a
visual identification of clusters (Dubois et al., 2010).

The main advantage of our method is that it can quickly provide
results without the need to refer to a paper atlas like the one of
Paxinos and Franklin (2001). In addition, it requires limited or no
expert intervention. To our knowledge, this method, previously used
in humans (Tzourio-Mazoyer et al., 2002; Maldjian et al., 2003;
Eickhoff et al., 2005; Lehericy et al., 2006), has never yet been applied
to autoradiographic data from rodents processed with a voxel-wise
approach. Nevertheless, our method remains dependent on the
quality and on the number of structures present in the digital atlas.
For example, in our study, we were obliged to carry out a manual
segmentation of the cingulate and retrosplenial cortexes in the digital
atlas in order to study them.

Analysis of metabolic changes detected using the voxel-wise approach
guided by a digital atlas

The detection of cluster spreading over several anatomical regions
could be due to atlas misregistration or the statistical inferences
preset in SPMMouse. To determine the case that corresponds to each
cluster concerned, we computed the percentage of cluster voxels that
overlapped with atlas-based ROI voxels, as previously performed in
human studies (Tzourio-Mazoyer et al., 2002; Eickhoff et al., 2005).
Additionally, we measured the activity of subclusters indexed
according to the atlas.

Overlap rate between detected clusters and atlas-based segments
The computation of this rate (see Table 3) enabled us to identify

clusters entirely contained within a single structure: this was found to
be the case in 4 of the 17 clusters detected for the two contrast types.
This quantitative method also allowed us to determine which clusters
spread over several ROIs, and to calculate the volume of each
subcluster assigned to a given atlas-based segment. According to the
statistical parameters chosen for our study, we assumed that all
subclusters smaller than 0.05 mm3 were due to atlas misregistration.
Similarly, subclusters classified within the ventricles were considered
to be due to a registration error. This analysis enabled the automated
indexation of 8 of the remaining 13 clusters within various cerebral
regions.

Functional analysis of clusters spread over several atlas-based segments
At this stage of the study, 5 clusters were still spread over several

anatomical regions. If this was due to the grouping of separate clusters
as a consequence of parameters preset in the software, the activity of



1456 J. Lebenberg et al. / NeuroImage 57 (2011) 1447–1457
subclusters extracted from a “single” cluster would be different. In
light of this assumption, the combination of atlas-based and voxel-
based approaches permitted us to identify more areas displaying
metabolic differences between APP/PS1 and PS1 mice than when we
analyzed data using only the voxel-wise approach (see Tables 1 and 4).

The automated splitting of clusters detected by the voxel-wise
approach using atlas-based segmentation led to an interesting
functional deduction. The hypermetabolism detected in the corpus
callosum (white matter not supposed to display activity) in APP/PS1
mice (+27.60% 2-DG uptake when compared to PS1mice) could have
been due to atlas misregistration, as suggested by overlap criteria, or a
consequence of the smoothing and normalization steps performed to
create the block-face template. Nevertheless, this could also reflect a
reduction in the volume of the corpus callosum as highlighted in
mouse models of Alzheimer's disease (Redwine et al., 2003; Valla
et al., 2006; Lau et al., 2008; Maheswaran et al., 2009b), or a partial
volume effect (Valla et al., 2002). Alternatively, this could also reflect a
compensation of white matter dysfunction (Desai et al., 2009) or
defective communication between the two hemispheres (Vyazovskiy
et al., 2008). The hypermetabolism in the olfactory bulb of APP/PS1
mice (+29.37% 2-DG uptake when compared to PS1 mice) shows that
this structure has a subcortical part thatwas not removed, and suggests
the involvement of compensatory mechanisms (Wesson et al., 2010).
The hyperactivity in the amygdala (+18.03% 2-DG uptake in APP/PS1
mice) could be correlated with previously identified morphological
alterations in this structure (Knafo et al., 2009).

All the studies cited above confirm the possible occurrence of
hypermetabolism in the corpus callosum, olfactory bulb and amygdala
of APP/PS1 mice, on the basis of 2-DG uptake in these animals and in
control littermates. The visual identification of detected clusters with
the help of a paper atlas, as performed inDubois et al. (2010), could not
have yielded these conclusions. Further investigations focusing on
these regions should be carried out to confirm these biological results.
However, our work demonstrates the advantages of combining the
atlas-based and voxel-based approaches to analyze 3D-reconstructed
autoradiographic data: 1) a cluster detected by a voxel-wise approach
can be automatically indexedwithin an anatomical region defined in a
digital atlas, and 2) if the cluster spreads over several segments, the
atlas can automatically split it into subclusters classified in different
ROIs (a task difficult to achieve manually) and subsequent functional
analysis can confirm or refine the results obtained.

Small-volume correction using the registered digital atlas

The functional data analyzed in this study involved more than
5.106 voxels (image background excluded). The first statistical design
tested, taking all voxels into consideration, would have yielded
thousands false positives and made it impossible to apply the FDR
correction. By using a previously registered atlas-based segmentation
to the study-specific template as an explicit mask in the statistical
design, we considerably reduced the number of tested voxels (by a
factor of 10 to 100). For the contrast type representing APP/PS1
hypometabolism and using a hippocampal mask, we were able to
demonstrate differences in metabolism after the application of the
FDR correction, at a threshold of significance of 5%. This confirms that
the use of a digital atlas to guide the voxel-based approach can refine
the results obtained. To our knowledge, this work is the first to
successfully achieve small-volume correction in a voxel-wise analysis
of autoradiographic data from the rodent brain, using a registered
atlas-based segmentation as a mask in the statistical design.

This small-volume correction was successful only when using the
hippocampal mask. This could be due to the shape of the ROIs
(Frackowiak et al., 2003) or to the percentage of occupancy of the
cluster in the region segmented. Indeed, the volume of the
hypometabolic subcluster detected in the hippocampus was ≃12%
of the volume of the segmented hippocampus. Moreover, this was the
only (sub)cluster that occupied more than 10% of the ROI in which it
was classified. This seems to mean that the issue of multiple
comparisons can be solved using atlas-based segmentation if the
cluster is large enough compared to the size of the ROI-mask involved
in this step. Additional tests need to be performed using different
datasets to define an eventual threshold of efficacy for small-volume
correction.

Conclusion

The present study demonstrates that our methodology led to the
successful combination of two complementary approaches to the
analysis of post mortemmouse brain functional images: theMRI-based
atlas and the voxel-wise approach. Whereas analysis using an MRI-
based atlas is incapable of revealing slight metabolic changes between
strains or opposing effects occurring locally within a single structure,
the voxel-wise approach requires expert intervention to identify and
to localize activated areas and often suffers from the large amount of
voxels to be computed in a rodent study. Using an MRI-based 3D
digital atlas to steer a voxel-wise analysis thus permitted the prompt
indexation of areas of metabolic change at the scale of atlas-based
ROIs with limited operator intervention, and a refinement of the
statistical results obtained.

This combination of approaches was realized for a study dealing
with a small number of unstimulated animals; the number of clusters
of activated voxels was not excessive. In the case of a whole brain
study comparing groups with greater functional differences, a large
number of clusters could be detected by the statistical method. A
manual analysis of all of them would thus be very time-consuming
and prone to misinterpretation. The application of our combined
approach would enable a reduction of the time required for mapping
major functional differences between groups of animals and would
also be useful in evaluating functional communication between
cerebral structures. It would also lead to a lowered risk of errors in
the sorting of clusters of voxels according to size or their classification
into atlas-based ROIs, as well as according to their probable symmetry
into the brain. The potential small-volume correction carried out
using the atlas-based segmentation would provide more significant
statistical comparisons with a reduced probability of detecting false
positives. This is thus a promising approach for the analysis of large
post mortem and in vivo functional datasets, and could find several
applications in exploratory studies in the neurosciences. Morpholog-
ical studies in small animals based on the voxel-wise approach (Lau
et al., 2008; Maheswaran et al., 2009a; Sawiak et al., 2009) could for
example benefit from the advantages provided by the guidance of
voxel-wise analysis using an MRI-based atlas.

Finally, if we were able to accurately determine bregma and
lambda (Aggarwal et al., 2009), we could merge all these results and
provide supplementary valuable information to biologists used to
work with these cranial landmarks.
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