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Abstract. Purpose: Animal models of cortical deafness are
essential for investigation of the cerebral glucose metabo-
lism in congenital or prelingual deafness. Autoradiographic
imaging is mainly used to assess the cerebral glucose me-
tabolism in rodents. In this study, procedures for the 3D
voxel-based statistical analysis of autoradiographic data
were established to enable investigations of the within-
modal and cross-modal plasticity through entire areas of
the brain of sensory-deprived animals without lumping
together heterogeneous subregions within each brain struc-
ture into a large region of interest.
Methods: Thirteen 2-[1-14C]-deoxy-D-glucose autoradio-
graphic images were acquired from six deaf and seven age-
matched normal rats (age 6–10 weeks). The deafness was
induced by surgical ablation. For the 3D voxel-based
statistical analysis, brain slices were extracted semiauto-
matically from the autoradiographic images, which con-
tained the coronal sections of the brain, and were stacked
into 3D volume data. Using principal axes matching and
mutual information maximization algorithms, the adja-
cent coronal sections were co-registered using a rigid body
transformation, and all sections were realigned to the first
section. A study-specific template was composed and
the realigned images were spatially normalized onto the
template. Following count normalization, voxel-wise t tests
were performed to reveal the areas with significant
differences in cerebral glucose metabolism between the
deaf and the control rats.
Results: Continuous and clear edges were detected in each
image after registration between the coronal sections, and
the internal and external landmarks extracted from the

spatially normalized images were well matched, demon-
strating the reliability of the spatial processing procedures.
Voxel-wise t tests showed that the glucose metabolism in
the bilateral auditory cortices of the deaf rats was signif-
icantly (P<0.001) lower than that in the controls. There was
no significantly reduced metabolism in any other area, and
no area showed a significant increase in metabolism in the
deaf rats with the same threshold, demonstrating the high
localization accuracy and specificity of the method de-
veloped in this study.
Conclusion: This study established new procedures for the
3D reconstruction and voxel-based analysis of autoradio-
graphic data whichwill be useful for examining the cerebral
glucose metabolism in a rat cortical deafness model.
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Introduction

Investigations into the cerebral glucose metabolism in
patients with cortical deafness using 18F-fluorodeoxyglu-
cose (FDG) positron emission tomography (PET) have
reported abnormal glucose metabolism in the auditory cor-
tex and related areas [1–5]. In both prelingual and post-
lingual deafness, the glucose metabolism in these areas has
been found to be lower than that in normal controls. How-
ever, the decreased metabolism gradually recovers and may
even exceed the normal level of metabolism. These findings
appear to be due to the reorganization of neuronal networks
in these areas [2–7]. In most investigations into FDG brain
PET images from deaf children and adolescents which have
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examined the dynamics of glucose metabolism in the
developing stage, the results may have been confounded by
the effects of age on account of the unavailability of PET
data acquired from age-matched normal controls [4]. These
limitations in human PET studies are due to ethical con-
siderations, which highlights the need for animal cortical
deafness models and the development of techniques for
analysis of the brain images of these animals.

Although dedicated animal PET and single-photon
emission computed tomography (SPECT) systems with a
high resolution and sensitivity have been developed and
used to perform in vivo imaging studies of small live an-
imals [8–11], autoradiographic imaging is still a powerful
and predominantly used tool for quantification of the ra-
dioisotope distribution in small animals, such as rats and
mice. Voxel-based analysis of tomographic images, such as
statistical parametric mapping (SPM), is widely used for
examination of brain PET and SPECT data [12]. However,
it is rarely applied to autoradiographic images. From auto-
radiographic images, the regional activity concentration of
the radioisotope is still obtained by manually drawing a
region of interest (ROI) or by using a predefined ROI on a
brain atlas. However, SPM-like voxel-based analysis of
autoradiographic data is important for investigation of the
within-modal and cross-modal plasticity in the brain of
sensory-deprived animals because every part of the brain
should be tested and the subregions within each brain struc-
ture should not be lumped into large ROIs [4, 5].

The aim of this study was to establish procedures for
reconstructing three-dimensional (3D) images and voxel-
based analysis of the autoradiographic data, and to deter-
mine whether this approach is useful for investigation of
the cerebral glucose metabolism in a rat cortical deafness
model1.

Materials and methods

Animal model for deafness and autoradiography

Autoradiographic studies that were obtained from a companion
study conducted in our laboratory were used. Only the data acquired
from six deaf and seven control rats for which the autoradiographic
studies were performed between 4 and 8 weeks after surgery were
analyzed in this study. This period is equivalent to a 3- to 6-year-old
child, which is regarded as a critical age for treating prelingual deaf-
ness [14, 15]. After this period, the function of the auditory cortex
may be altered by the neuronal plasticity, and the glucose metabolism
in these areas appears to recover to a normal level [4, 14].

Bilateral cochleae were ablated surgically 10–14 days after birth
to produce the animal model for deafness. The fluid in the cochlea
was removed with a needle suction tip following a posterior auricular
incision and suction of the mesodermal tissue in the middle ear. In the
normal control rats, sham operations including only a skin incision
and identification of the bulla surface were performed.

For the autoradiographic studies, the rats received 16 μCi/100 g
of 2-[1-14C]-deoxy-D-glucose (Perkin-Elmer, in an aqueous solu-
tion, 56 mCi/mM) intraperitoneally, and were exposed to a quiet

environment without occlusion of the ears. The animals were de-
capitated, and the brains were removed and frozen immediately.
Serial coronal sections of the brain with a thickness of 20 μm were
cut from the frontal lobe to the inferior colliculus level. Every six
sections were collected on a microscope slide glass after discarding
the five sections between them. Therefore, the distance between the
axial centers of the collected sections was 120 μm. The slides were
dried for 1 day and exposed to an autoradiographic image plate
(Bioimage Analyzing System, Fujifilm) for 5 or 6 days, and the
digitized images, the pixel value of which was proportional to the
cerebral glucose metabolism, were acquired using an FLA-2000
scanner (Fujifilm). The voxel size of the image was 50×50 μm.

Image analysis procedures

Figure 1 shows the procedures for analyzing the autoradiographic
images for the 3D voxel-based statistical analysis used in this study.
First, the slices were extracted from the autoradiographic images,
which contained the coronal sections of a rat brain. Second, the ad-
jacent slices were realigned to each other two-dimensionally (2D)
using principal axes matching and mutual information maximization
algorithms [16, 17]. Third, the realigned 2D slices were stacked to
reconstruct the 3D volume data. Fourth, a study-specific template was
composed and all the individual images were spatially normalized
into the template image. Finally, voxel-wise statistical analysis was
performed. The details for each data processing step are given in the
following sections.

Slice extraction and image registration

For the slice extraction procedure, the size of autoradiographic
images was reduced by a factor of 8 to yield a matrix size of
1,010×512 (pixel size 400×400 μm) because this procedure does
not require a fine image resolution. The original image (matrix size
8,080×4,096, pixel size 50×50 μm) was too large to be displayed on
a computer monitor screen, and lower pixel numbers can reduce the
processing time (Fig. 2a). The reduced 2D autoradiographic images
were smoothed by convolution with an isotropic Gaussian kernel
with 2 mm full-width at half-maximum (FWHM) (Fig. 2b). Without
smoothing of images, small blobs due to noise in the background
region were sometimes detected when the thresholding method was

Fig. 1. Procedures for the analysis of the autoradiographic images
used in this study for the 3D voxel-based statistical analysis.

1Results of a similar but independent investigation were recently
reported by another group in ref. [13]
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applied. Any low-pass filter could be used for this purpose. The
Gaussian filter was selected as easy implementation of this filter in
the spatial domain was possible. In addition, the slice extraction was
not sensitive to the degree of smoothness if the FWHM value was
within the range of 1–3 mm (approximately 3–7 times the pixel
size). The brain slices were extracted from the smoothed image
using a thresholding method in which the pixels with a higher gray
level than a certain threshold were classified into brain slices and
the others into background (Fig. 2c). A global threshold was used
and adjusted to between 30% and 60% of the maximum pixel value
in the smoothed image. Initially the threshold was set to 30%.
The threshold was increased in increments of 5% if any of the
neighboring slices had merged due to an insufficiently low thresh-
old. A binary image was generated as a result of the thresholding, in
which the pixels that belonged to the brain slices had a pixel value
of 1 and those that belonged to the background had a value of 0.

A region-growing method was applied to the binary image in
order to assign a unique region index to each separate blob (each
brain section or background) [18]. The region with the largest area
was determined to be the background and was not further analyzed.
Around the other regions containing the brain slice, slightly larger
rectangular boxes than their boundary (three more pixels from the
x-extreme and y-extreme of the boundary) were drawn, as shown in
Fig. 2d. The slice number was then assigned manually to each
bounding box. The region indices assigned automatically using a
region-growing algorithm were not used because the brain slice was
not positioned in a consistent way by the investigators. The matrix
size of the bounding boxes was approximately 40×30. Finally, the
rectangular regions within the bounding box were sampled from the
original large image and stacked into the 3D volume data that had a
matrix dimension of 360×360×(number of slices) voxels (50×50×
120 μm). File format of Analyze-7 (Mayo Clinic, Rochester, USA)
was used to save the 3D volume data.

Sequential image registrations of the adjacent slices were per-
formed using principal axesmatching andmutual informationmaximi-
zation techniques for the coarse and the fine registration, respectively
[16, 17]. The registration parameters obtained by the principal axes
matching were used as the initial values for the mutual information
maximization method in order to reduce the likelihood of encounter-
ing a local maximum during the search for the best transformation

parameters. Image registration algorithms based on the similarity of
the image intensity, such as the mutual information maximization
method, are not limited by segmentation errors (as in the surface-
based methods) and do not require the interaction of an operator (as
in the point landmark-based methods). The most widely used simi-
larity criteria include the sum of absolute differences, correlation
coefficient, and mutual information of the joint intensity histogram.
Among these similarity criteria, mutual information was selected in
this study as this is a well-validated method for robust registration of
autoradiographic images [19].

Only a rigid body transformation between the adjacent slices
was allowed, and transformation matrices were calculated using
the four registration parameters (translation in x-direction and y-
direction, and rotation along the x-axis and y-axis). A transforma-
tion matrix between each slice and the first slice was obtained by
multiplying the transformation matrices sequentially, and all the
slices were realigned to the first slice. IDL-language (Research Sys-
tems Inc., Boulder, CO, USA) was used to implement the slice
extraction and image registration procedures.

Spatial normalization and statistical analysis

For the voxel-based statistical analysis, the image volume data need
to be transformed into standardized 3D coordinate space in order to
remove the gross and detailed differences in the brain shape and
orientation (spatial normalization) [20–22]. To facilitate the spatial
normalization procedures, the image contrast was enhanced by sub-
tracting half of the maximum voxel value in all voxels and rescaling
the images from zero to the maximum value. Using this adjustment,
the background noise was eliminated and the contrast within the
cortical regions was significantly enhanced. Without the subtraction
and rescaling processes, the boundaries of brain slices in some cases
were not matched with the boundary of the target image. Each image
slice was then rebinned into 120×120 matrix (150× 150 μm) to make
the data more isotropic and to reduce the burden of the calculation.

An image of a normal rat was selected as the reference target
volume and was smoothed by convolution using an isotropic
Gaussian kernel with 800 μm FWHM. The other images were then
spatially normalized onto the target volume using linear and non-
linear transformations [20, 21], and averaged after intensity nor-
malization by proportional scaling to generate a study-specific
template image [23]. The template image was smoothed and all the
images were spatially normalized onto the template image again. The
voxel size of the spatially normalized images was 150×150×150 μm.

The spatially normalized images were smoothed using a Gaussian
kernel with 800 μm FWHM, and a voxel-wise t test was then
performed to identify the regions with significantly different voxel
counts between the normal and the deaf rats (P<0.001) following
count normalization using proportional scaling. The aims of smooth-
ing were to increase the signal-to-noise ratio, to conform the data
more closely to Gaussian distribution, and to account for variations in
the subtle anatomical structures. The kernel size of 800 μmwas used
since the expected resolution of the spatially normalized images was
~300 μm (two times the voxel size) and a kernel size of 2–4 times the
spatial resolution has been used in human studies. The SPM99
program was used for the spatial normalization, image smoothing,
and statistical analysis [12, 20, 21].

Comparison with ROI analysis

For comparison of the findings obtained by voxel-based analysis
with the conventionally used ROI-based method, ROIs were drawn
on the auditory cortex, motor cortex, somatosensory cortex, visual
cortex, caudate putamen, thalamus, hippocampus and amygdalae in

Fig. 2. The procedures for extracting the coronal sections from an
autoradiographic image. a 2D autoradiographic image reduced by a
factor of 8 (pixel size =400×400 μm). b Image smoothed by con-
volution with an isotropic Gaussian kernel with 2 mm FWHM.
c Brain slices extracted using a threshold method. d The finally
determined coronal sections and region indices labeled semi-
automatically.

698

European Journal of Nuclear Medicine and Molecular Imaging Vol. 32, No. 6, June 2005



both hemispheres using the Paxinos rat brain atlas as a reference
[24]. The regional mean pixel value in each ROI was normalized to
the mean count of whole brain, and group mean comparison
between the normal and deaf rats was performed using a t test. SPSS
10.0 was used.

Results

The transaxial slices shown in Fig. 3 were obtained by
reslicing the reconstructed 3D volume data of a rat brain
that were generated by stacking the coronal sections before
(Fig. 3a) and after registration (Fig. 3b) of the adjacent
slices using a rigid body transformation for which the mu-
tual information between the images was used as an op-
timization criteria. After applying the image registration,
the saw-toothed pattern on the brain surface of the trans-
axial slice, as shown in Fig. 3a, was eliminated and the
boundaries of the internal brain structures, such as the cau-
date putamen and internal capsule, became more obvious
(Fig. 3b). The contrast of the images shown in Fig. 3 was
enhanced to eliminate the background noise and make the
boundaries easier to identify.

The boundaries of the brain surface and the internal
capsule were extracted from a transaxial slice of each
spatially normalized image by looking for the local max-
ima of the gradient of the image intensity [25] and
superimposed on the template image to show the accuracy
of the spatial normalization process (Fig. 4). The overlap
of the boundaries, which subsumed the spatial normali-
zation error, the uncompensated morphological difference
among individual brains, and the uncertainty in the edge
extraction algorithm, was coded using a hot-metal color-
map, i.e., increasing the overlap from dark brown to
white. Figure 4 shows the high accuracy in matching the
brain surface and the internal capsule. Although the bound-
ary of the internal capsule showed a higher variability than
the brain surface, it would still be acceptable considering
the size of the neighboring cortical and subcortical struc-
tures of the rat brain.

When the spatially normalized autoradiographic im-
ages of deaf rats were compared with those of the normal
controls by performing a t test at each voxel, after remov-
ing the effects of the global count, the glucose metabolism
in the bilateral auditory cortices of the deaf rats was sig-
nificantly (P<0.001) lower than that of the controls. The
significantly reduced metabolism was not observed in any
area other than the auditory cortex, and no area showed a
significant increase in metabolism in the deaf rats with the
same threshold, which demonstrates the high localization
accuracy and specificity of the method presented in this
study. The brain areas with a significantly reduced glucose
metabolism in the deaf rats are shown in Fig. 5, where a
threshold of P<0.01 rather than P<0.001 has been used for
display purpose. When P<0.01 was applied, there was
again no significant increase in metabolism.

ROI analysis also showed significant reduction of glu-
cose metabolism only in both auditory cortices of deaf rats
when the same threshold (P<0.001) was applied (T= 7.34
in the right hemisphere, T=7.91 in the left hemisphere),
verifying the reliability of the voxel-based analysis.

Fig. 3. Transaxial slices obtained by reslicing the reconstructed 3D
volume data generated by stacking the coronal sections. a Before
image registration of the adjacent slices using a rigid body transfor-
mation. b After image registration.

Fig. 4. Boundaries of the brain surface and internal capsule extracted
from a transaxial slice of each spatially normalized image and sup-
erimposed on the template image. Overlap of the boundaries was
coded using a hot-metal colormap increasing the overlap from dark
brown to white.

Fig. 5. Brain areas with a significantly decreased glucose metabolism
in deaf rats compared with the age-matched normal controls (P0.01).
The top image shows a coronal slice and the bottom image, a trans-
axial slice.
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Discussion

Three-dimensional reconstruction of the brain from the
serial sections of the autoradiographic images allows in-
vestigators to observe the sectional planes and outer sur-
faces from any viewing angle and to make quantitative
volumetric analyses [19, 26–29]. Co-registration of the 3D
reconstructed autoradiographic images with other tomog-
raphic images, such as PET, SPECT, computed tomog-
raphy (CT) and magnetic resonance imaging (MRI), is
also required for correlative studies between the different
imaging modalities and the performance evaluation of the
newly developed animal PET and SPECT scanners. The
ability to quantify the radioactivity distribution using an-
imal PET and SPECT scanners needs to be verified by
comparing the in vivo images with the findings from the
autoradiographic images. Another purpose may be to map
the autoradiographic images into the anatomical reference
systems in order to associate them with standardized atlas
structures and analyze the data statistically at a voxel level
using SPM-like techniques [13, 30, 31]. SPM-like analy-
sis of the brain PET, SPECT, and autoradiographic images
of rodents will facilitate investigations into the brain func-
tion and anatomy of these animals in a common anatomic
space [32], which can be extended to human studies. This
will accelerate the transition of any new discoveries from
animal studies to human applications because such voxel-
based analysis is widely performed for human data. Since
the animal PET and SPECT scanners have a spatial res-
olution in the order of millimeters, it is still not certain that
SPM-like analysis of these images will provide sufficient
and correct information regarding the location and extent
of the abnormal regions and activated areas.

The fundamental prerequisite for a 3D reconstruction
of autoradiographic images is a 2D image registration of
each slice image to (1) the video reference images of the
remaining uncut specimen’s block face recorded during
the cryomicrotome procedure prior to sectioning, or (2) its
adjacent slices [19, 26–28]. Despite its strong potency to
reduce any possible deformation artifacts of the slices
associated with the slice sectioning, reconstruction by reg-
istering each slice to the video reference images has not
been used widely because it requires additional devices in
order to acquire the video images [19]. Therefore, 3D
reconstruction methods via the registration of the adjacent
slices using linear or nonlinear image registration tech-
niques are generally used [26–28]. This study used a two-
step approach: fine image registration using the mutual
information maximization method following a coarse reg-
istration using principal axes matching [16, 17]. Although
the principal axes matching method works rapidly and
provides an approximate solution for optimal image
matching, the principal axes alignment is unsatisfactory
if the image is almost round or if it has no symmetry [26,
27]. Therefore, the solution of the principal axes matching
method was only used as an initial guess in order to de-
termine the optimal transformation parameters by the mu-
tual information maximization method.

In the image registration process, only the rigid body
transformation between adjacent coronal sections was al-
lowed. This restriction in the transformation relies on the
assumption that the radioactivity distribution changes grad-
ually across the adjacent sections and that the coronal sec-
tions are negligibly deformed during the autoradiographic
procedures. Although the data sometimes exhibit such
global and regional deformation artifacts as a result of spe-
cies sectioning and tissue shrinkage [19], linear and/or
nonlinear deformation between the adjacent sections can
distort the brain structures, particularly in the slices where
the radioactivity distribution alters abruptly across the
coronal sections. Therefore, it is better to preserve the shape
of each section without compensating for the deformation
than to take the risk of distorting the global and regional
image information during the registration process.

Spatial normalization of the images into the template
accounts not only for the intersubject variability in the brain
anatomy but also to some extent for such deformation in the
individual slices. Although Zhao et al. [30] suggested the
transformation of autoradiographic images into standard
anatomical space [31], they only applied a 2D affine trans-
formation to the in-plane spatial normalization of the
individual coronal section and matched the section with a
corresponding coronal slice in the template, which was
located at the same anteroposterior distance from the com-
mon coronal reference level (+0.7 mm from the bregma).
The arbitrariness in determining the common reference
plane, the lack of anatomical standardization in the an-
teroposterior direction, and the insufficient compensation
for the regional anatomical variability by using only the 2D
affine transformation might be limitations of their pioneer-
ing studies.

The underlying assumption in employing the anatomical
standardization of an individual brain is that the intersubject
anatomical variability should be within the range of the
values expected by the spatial normalization algorithm.
This assumption would be reasonable since the brain anat
omy of rats with a corresponding weight is quite similar,
even for different genders and strains [24, 32]. In addition, a
study-specific template was used in this study, which was
generated by averaging the individual images spatially
normalized onto an initial target brain; this was done in
order to minimize the error in the registration between the
source images and template due to the possible singularity
in the selected target brain, and to force the transformation
parameters to have a Gaussian distribution by using the
average image as a spatial normalization target [22, 23].
Figure 4 shows the boundaries of the brain surface and
internal capsule extracted from the transaxial plane resliced
from the individual spatially normalized images. The con-
tinuity and consistency of these boundaries demonstrate
the success of the spatial normalization process due to the
reasonable assumptions and appropriate strategies used in
this study as well as to the accuracy in image registration
between the coronal sections.

In this study, the cerebral glucose metabolism of the rats
with deafness and the age-matched controls was measured
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by autoradiography, and these autoradiographic imaging
data were analyzed using the presented methods. A rat cor-
tical deafnessmodel is an excellentmodel for verification of
this approach using the 3D reconstruction of autoradiograph-
ic images and SPM-like voxel-based analysis because the
reduced glucose metabolismmay be localized to the audito-
ry related cortices, which are known to be specifically af-
fected by a deficiency in the auditory input signal [1–5]. The
statistical parametric map of the t value, which is the final
product of this study, showed a bilateral decrease in glucose
metabolism, which was localized to the auditory cortex of
the rat brain (Fig. 5). In addition, no area with increased
metabolism was detected: if it were to exist, it is likely that
such a finding would be due to errors in the processing step,
considering the previous findings in human studies [5].

Conclusion

This study established new procedures for the 3D re-
construction and voxel-based analysis of autoradiographic
data which will be useful for examining the cerebral glu-
cose metabolism in a rat cortical deafness model.
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