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Abstract—In this work, we developed and implemented a multi-
modality multidimensional imaging system which is capable of
generating and displaying anatomical and functional images of
selected structures and processes within a vertebrate’s central
nervous system (CNS). The functional images are generated
from ['4C]-2-deoxy-p-glucose (2DG) autoradiography whereas
the anatomic images are derived from cytochrome oxidase (CO)
histochemistry. This multi-modality imaging system has been
used to study mechanisms underlying information processing in
the rat brain. We have applied this technique to visualize and
measure the plasticity (deformation) observed in the rat’s whisk-
er system due to neonatal lesioning of selected peripheral sensory
organs. Application of this imaging system revealed detailed
information about the shape, size, and directionality of selected
cortical and subcortical structures. Previous 2-D imaging tech-
niques were unable to deliver such holistic information. Another
important issue addressed in this work is related to image reg-
istration problems. We developed an image registration tech-
nique which employs extrinsic fiduciary marks for alignment and
is capable of registering images with subpixel accuracy. It uses
the information from all available fiduciary marks to promote
alignment of the sections and to avoid propagation of errors
across a serial data set.

Keywords—Multimodality imaging, Image registration, Brain
mapping, Brain plasticity, Rat brain, Imaging

INTRODUCTION

In diagnostic and research applications, the interpreta-
tion of brain images is greatly enhanced when different
data sets are compared in the same coordinate system. The
ability to integrate information collected by different im-
aging modalities has great potential for answering basic
and clinical problems in the neurosciences. For instance,
imaging modalities like positron emission tomography
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(PET), single photon emission computed tomography
(SPECT), and functional magnetic resonance imaging
(fMR1) can provide information about brain function, al-
lowing the study of hemodynamics, pharmacokinetics,
and metabolism in vive. However, although these func-
tional imaging modalities often exhibit excellent contrast
between different tissues, they suffer from low signal-to-
noise ratio (SNR) and poor spatial resolution. Therefore,
the understanding of brain function is greatly enhanced
when functional images are complemented with the un-
derlying anatomy visible on other imaging modalities,
such as magnetic resonance imaging (MRI) and comput-
erized tomography (CT).

Some examples involving multimodality imaging of
the brain can be found in the work of Apicella et al. (1);
the combination of CT, MRI, and PET images by Peliz-
zari et al. (19); the use of stereotactic coordinate systems
for anatomical-functional correlative studies by Evans et
al. (8); and the work of Ogawa et al. (18), which employs
MRI and fMRI. All of the above-mentioned investigators
use multimodality imaging systems to obtain better ana-
tomical localization of functional activity in the brain.
This information has been used in radiation therapy, sur-
gical planning, cognitive studies, and brain mapping.

Multimodality three-dimensional imaging has become
increasingly important in clinical environments, particu-
larly for the diagnosis and treatment of brain disorders like
epilepsy, Alzheimer’s disease, and multiple sclerosis. Its
importance to neuroscience has also been demonstrated
(7,9,20). In this paper, we introduce a multimodality im-
aging system applied to vertebrate brain mapping. This
imaging system is capable of handling a massive number
of misaligned sliced data and providing relevant anatom-
ical and functional information on macroscopic structures
in two- and three-dimensional space.

This multimodality multidimensional imaging system
has been used to study the plasticity (deformation) phe-
nomena in the rat’s vibrissal representation after neonatal
lesion of the sensory organ. The functional (metabolic)
images are obtained with the ['*C]-2-deoxy-D-glucose
(2DG) autoradiographic technique after Sokoloff et al.
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(24), whereas the anatomical images are obtained from
cytochrome oxidase (CO) histochemistry after Wong-
Riley (27). Using these two imaging modalities, we have
studied and analyzed several cases of altered functional
and anatomical organization in the cortical and subcortical
representations of vibrissa columns in developmentally le-
sioned rats. The application of this imaging technique has
demonstrated that it is possible to obtain more insight and
understanding of the structures and processes being im-
aged than when using previously developed techniques.

FUNCTIONAL AND ANATOMICAL IMAGING IN
EXPERIMENTAL BIOLOGY

Functional Imaging

In our work, we employ quantitative autoradiography
as the functional imaging modality and cytochrome oxi-
dase staining as our anatomical imaging source. Quanti-
tative autoradiography can measure many functional pa-
rameters on a regional basis in the brain, including local
hemodynamics, metabolism, and pharmacokinetics. The
general procedure was best summarized by McEachron et
al. (17): **[It] involves the injection of a radiolabelled
compound followed by a predetermined waiting period
during which the compound is distributed throughout the
body. In most instances, an environmental or pharmaco-
logical stimulus is applied during the waiting period and
changes in the pattern of the radiotracer’s distribution are
correlated with the stimulus. After that time, the animal is
sacrificed, the brain removed and frozen to prevent diffu-
sion of the tracer. The brain is then thin sectioned in a
cryostat and the sections placed in contact with photo-
graphic emulsion, most often X-ray film. The radioactive
decay of the isotope causes a latent image to form on the
film through an interaction with the silver halide crystals
in the emulsion.”’

A large number of different radiotracers can be em-
ployed in functional mapping using the above protocol.
One commonly employed tracer is ['*C]-2-deoxy-D-
glucose—2DG for short—developed by Sokoloff er al.
(24) for the purpose of studying local cerebral metabolism
in vivo. This analog tracer of glucose is transported into
the brain by the same carrier as glucose and, similarly, is
subsequently phosphorylated by hexokinase; however, the
product of this reaction—['*C]-deoxyglucose-6-phos-
phate—is essentially trapped inside the brain for the du-
ration of the study. This radioactive product thus builds up
in proportion to the intensity of the applied stimulus,
quantitatively marking anatomical sites of functional ac-
tivity.

The 2DG method can provide information concerning
functional organization of large arrays of neurons. For
example, it is possible to study the functional connectivity
of an entire sensory pathway, such as that of the rat’s

whisker system, within an individual animal. Such map-
ping is possible because of the close link between brain
metabolism, which in the adult is almost entirely depen-
dent upon glucose, and neural function (11,24). In the
case of mapping studies, the increased neural activity pro-
duces an increased demand for, and uptake of, glucose as
well as [14C]-2DG. Thus, structures of the activated neural
system become more densely labeled than those of non-
stimulated systems.

Anatomical Imaging

The anatomical images used in our experiments were
generated with cytochrome oxidase histochemistry (27).
Cytochrome oxidase is an endogenous enzyme found in
neurons. Its usage is intimately associated with the neu-
rons’ metabolic machinery, which is in turn closely related
to the levels of neuronal activity. CO belongs to a group of
energy-deriving enzymes. They are responsible for elec-
tron transport and oxidative phosphorylation, yielding
adenosine triphosphate (ATP). ATP is related to essential
processes such as protein synthesis, maintenance of the
resting membrane potential, and rapid axoplasmic trans-
port within neurons; therefore, it can be reasoned that
more active neurons would be more vigorously involved
with the above processes and, as a consequence, would
develop more active cytochrome systems (27).

Previous studies (27) have indicated that the detection
of cytochrome oxidase enzymes in neurons of the central
nervous system (CNS) correlates directly with the mor-
phology of the structures being studied. Therefore, the
histological sections that produced the autoradiographic
images can be stained to detect cytochrome oxidase en-
zymes to produce anatomical (or morphological) descrip-
tors of functional processes.

Figure | shows a two-dimensional (2-D) multimodality
image of a coronal section through a rat’s brain, which
was submitted to stimulation of a selected structure in the
sensory system (Experimental Design). The image on the
left was generated with the 2DG autoradiographic tech-
nique and represents rates of glucose utilization. The im-
age on the right, produced with CO histochemistry, is the
corresponding anatomical representation of the 2DG im-
age.

Imaging anatomical and metabolic (functional) struc-
tures and/or processes within the vertebrate’s CNS be-
comes possible through the combination of the above-
mentioned techniques. However, multidimensional repre-
sentations of both metabolism and anatomy, particularly
autoradiograms and the corresponding histological sec-
tions, still remain a big challenge. Some of the problems
are associated with tissue degeneration after exposure to
radiotracers and during sectioning, resulting in poor stain-
ing quality of these tissues and, consequently, low-quality
(anatomical) images. On the functional imaging side, the
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FIGURE 1. Two-dimensional multimodality images of a coronal section through a rat’s brain. The animal underwent unilateral
stimulation of the C3 whisker, part of the sensory system. The image on the left was generated with the 2DG autoradiographic
technique and represents rates of glucose utilization. The image on the right, produced with CO histochemistry, is the corre-
sponding anatomical representation of the 2DG image. Six fiduciary marks, employed for registration of the sections, are visible

on these images.

problems are associated with the tracing technique. Since
the 2DG method is dependent on glucose metabolism for
its effects, and because of the fact that neurons of the CNS
have a relatively large basal metabolic rate for glucose, the
methodology generates a lower signal-to-noise ratio
(SNR) of autoradiographic labeling than do other tracing
methods (e.g., axoplasmic flow tracers).

The use of other imaging modalities (¢.g., MRI, fMRI,
CT, and PET) to image anatomical and functional struc-
tures within a vertebrate’s CNS has generated a lot of
enthusiasm. This is an extremely active field. However,
even these imaging techniques have provided limited in-
formation because of constraints related to spatial and
temporal resolutions, localization of the site of activation,
and limited availability of contrast agents.

IMAGE REGISTRATION

Image registration is an essential intermediate step used
in any multimodality multidimensional imaging system.
Autoradiograms and CO-stained sections are acquired on a
per-slice basis; therefore, to reposition the sliced data in a
way consistent with their source volumes and to correctly
align autoradiograms and histological sections of the same
structure, it is essential to perform the registration as ac-
curately as possible.

Image registration algorithms can make use of either
extrinsic or intrinsic features for alignment. Extrinsic fea-
tures (e.g., introduced fiduciary marks) can be formed by
using suitable objects external to the brain, or, as in our
work, placing registration marks in the brain itself (9).
Intrinsic registration is based on features that occur natu-
rally in the images being aligned. Intrinsic methods can be
based on moments (15), correlation (10,12), distance

functions (4,26), or anatomical landmarks already present
in the images. Most of our materials—tangential sections
within the first somatosensory (SI) area of the rat neo-
cortex—are poor in the sorts of features required by intrinsic
methods, so we used an extrinsic registration procedure.

The developed registration method used in this work,
named the Multi-Set Registration (MSR) algorithm, is
able to perform subpixel registration of the images being
aligned based on the two or more fiduciary marks. A
detailed description of the method can be found in Ref. 9.
For now, we will present the theoretical framework and
the major steps of the MSR algorithm.

The MSR technique is based on the Procrustean anal-
ysis (22,23) for minimization of the residual registration
error. This technique has produced alignment of serial
sections with equal or greater accuracy than previously
published techniques, like the singular value decomposi-
tion (SVD) of Arun et al. (2) and the geometric alignment
method of Toga er al. (25). The MSR method has also
presented better registration accuracy than intrinsic meth-
ods, such as the Chamfer technique implemented by Borg-
erfors (5) and the moments method by Hibbard and Hawk-
ins (13). A comparison of the MSR method with other
previously developed techniques will be presented in the
next section (Accuracy of Registration).

We start defining the registration model as follows:

fG@.j) = RGpG) + 1) + nG.)),

where f(i,j) are data points, i = 1 . . . n are the number
of fiduciary marks used for alignment, andj = 1 ... m
are the number of slices to be aligned; p(i) is the true
(unknown) location of the fiducial points in the reference
coordinate system; R(j) and t(j) are, respectively, the ro-
tation and translation of the jth frame; and n(i,j) are mea-
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surement errors. Typically, we assume that the first sec-
tion is in the reference coordinate frame, so that R(1) = [
and #«(1) =

The residual error after alignment is then defined as

e = >, Ifi.)) — RGPG) — )P
ij

This equation is different from the original residual
error definition given by the Procrustean analysis. In our
formulation, we find the best location for the fiducial
points, p(i), as well as the best rotations, R(j), and trans-
lations, #(j), of the serial sections that minimize the total
residual error. In the original Procrustean analysis
(22,23), the alignment is performed on a pairwise basis,
and only the computation for the best translations and
rotations is included in the minimization procedure. One
of the advantages of our formulation is the fact that errors
that occurred during alignment of two adjacent slices are
not propagated throughout the 3-D data set.

An isotropic scaling correctional factor is also included
in our algorithm (14). This is necessary because we have
observed that, in general, tissue sections shrink after ex-
posure to histochemical stains; therefore, a correctional
scaling transformation must be applied between a histo-
logical section and its corresponding autoradiographic im-
age. It is also possible to correct anisotropic scaling be-
tween data sets. Elastic matching techniques (3,6) are es-
pecially suitable for that task. In this work, however, we
have observed that any shrinkage or expansion of the sec-
tions can be modeled as isotropic transformations.

ACCURACY OF REGISTRATION

To measure the accuracy of the MSR algorithm, we
compared it against four previously developed registration
techniques: the singular value decomposition (SVD) of
Arun et al. (2), the geometric alignment method (GM) of
Toga et al. (25), the Chamfer technique (CHAMFER)
developed by Borgerfors (5), and the moments method
(MOMENTS) by Hibbard and Hawkins (13).

For this comparison test, we created a 3-D misaligned
data set containing 50 adjacent sections, each having six
fiduciary marks. This 3-D test set was formed by scanning
one section and then transforming it with random transla-
tions (limited to —20 to + 20 pixels), random rotations
(between 0° and 60°), and additive gaussian noise. The
histological section (cytochrome oxidase) in Fig. 1 illus-
trates the seminal section. We employed three of the fi-
duciary marks (alignment fiducials) for registration of the
serial sections, and the remaining three marks (control
fiducials)}—not employed during alignment—were used to
measure the algorithm’s registration accuracy through
computation of the r.m.s. residual error. (The CHAMFER
and MOMENTS techniques do not employ fiduciary

TABLE 1. Comparison among different registration
techniques using the same 3-D test set.

Error on control fiducials

Registration technique {(mean = SD)
MSR 0.89 + 0.26
GM 1.90 = 0.63
SVD 1.32 + 0.24
MOMENTS 1.75 = 0.52
CHAMFER 1.61 = 0.45

Refer to the text for details. The residual error after registration
is reported in pixel dimensions,

marks for alignment; nevertheless, to keep consistency
throughout the test, we also reported the accuracy of these
registration methods based on the final position of the
control fiducials.)

We repeated the above protocol using all possible com-
binations of control and alignment fiduciary marks
(groups of three) and report the overall residual error and
standard deviations for all trials in Table 1. The same
protocol and test set was applied to all five registration
methods being compared. We should also mention that for
the MSR, SVD, and GM techniques, the centroids of the
alignment fiducials were used as input. A centroid is com-
puted by first isolating the fiduciary mark with a double
thresholding function and then computing its center of
mass through calculation of the first-order moments (15).
The same procedure was applied for computation of the
centroids of the control fiducials.

Additionally, the CHAMFER and MOMENTS tech-
niques required a preprocessing step. For the CHAMFER
method, the images were first binarized with a global
thresholding function and the registration performed
through minimization of generic distance transform be-
tween the outlines of the images. The MOMENTS tech-
nique employed the binary images to compute the first-
and second-order moments for registration. The former
technique has been implemented in the ANALYZE soft-
ware (21), whereas the later was used with the BRAIN
software (26).

The results are listed in Table 1. They indicate that the
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FIGURE 2. Schematic representation of the sensory pathway
between vibrissae located at the rat’s face and the corre-
sponding barreloids in the VB thalamus and in the PMBSF of
Sl cortex. Adapted from (28).
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FIGURE 3. (Top) single histological section (anatomical image) of layer IV in the PMBSF of the flattened Sl cortex produced with
cytochrome oxidase (CO) staining; this cortical image corresponds to the PMBSF ipsilateral to the neonatal lesion; therefore, it is
considered the control side. In this section it is possible to visualize the whole barrelfield. The control C3 (CC3) barrel is marked
with arrows. (Bottom) corresponding functional (metabolic) representation of the CC3 barrel as labeled by the 2DG autoradio-
graphic technique. Fiduciary marks are visible on both sections. (Inset) 3-D representations of the functional and anatomical
columns (10 adjacent sections within layer IV of Si cortex) volume rendered with the ANALYZE software {21). The anatomical
column (CO stain) was rendered as an opaque object (red structure), and the associated functional activity {2DG autoradiogram)
was rendered as an overlaid transparent object (green structure).

FIGURE 4. (Top) histological (anatomical) representation of the spared C3 {SC3) barrel (together with other barrels) in the PMBSF
of the flattened Sl cortex contralateral to the lesion (plastic side). This image was produced with CO staining under the condition
that all but one whisker and base (SC3) were surgically removed at an early age. (Bottom) Corresponding functional representation
of the SC3 barrel produced with the 2DG labeling technique. Fiduciary marks are visible on both sections. {Inset) 3-D reconstruc-
tions of 10 adjacent slices within layer IV of Sl cortex. The anatomical column was volume rendered as an opaque {violet) structure,
and the 2DG metabolic activity associated with this column is shown as an overlaid transparent object (blue structure). Observe
that the SC3 barrel underwent an enlargement of its anatomical and functional representations when compared to those repre-
sentations of the CC3 barrel (Fig. 3). These renderings were done with the ANALYZE software (21).
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MSR method produced better registration accuracy than
the other methodologies tested. Since the test set used in
our experiment was scanned with a resolution of 600 pix-
els/inch (Agfa flatbed scanner 1200dpi), it indicates that
the MSR algorithm yields an accuracy of registration of
approximately 40 pm.

EXPERIMENTAL DESIGN

Using the above-mentioned multimodality multidimen-
sional imaging technique, we studied and analyzed normal
and altered whisker representations in the rat’s cortex and
thalamus after selected whisker receptor organ damage. A
schematic representation of the sensory pathway between
vibrissae located at the rat’s face and the corresponding
barrels in the thalamus and cortex is shown in Figure 2. A
detailed description of our experimental design can be
found in Refs. 9 and 16. We will summarize the most
important steps in this section. However, those readers
seeking additional details should refer to the cited papers.

First, we extracted functional and anatomical informa-
tion from, respectively, autoradiographic and histological
sections. Then we simultaneously registered the sliced
data from each modality and the anatomical and functional
image volumes. (This is possible because the fiduciary
marks impaled on the histological sections are exactly
mapped onto the autoradiographic film (refer to Fig. 1);
therefore, alignment of the sliced data and registration of
the image volumes can be achieved simultaneously.) Fi-
nally, we displayed and measured the 3-D functional (met-
abolic) and anatomical shapes of normal and developmen-
tally altered whisker representations in the first somato-
sensory area (SI) of the rat cerebral cortex and in the
ventrobasal (VB) thalamus. The observed differences be-
tween the normal and the developmentally altered whisker
representations reflect the degree of cortical and subcorti-
cal plasticity (deformation, change) due to neonatal injury
of the sensory organs (deafferentation of whiskers vibris-
sae).

For this study, the metabolic (functional) representa-
tions of activated vibrissae follicles within the Posterome-
dial Barrel Subfield (PMBSF) of SI of the rat neocortex
and in the VB thalamus were examined with the quanti-
tative 2DG technique (24). The peripheral stimulation
(manually or mechanically controlled brush stroking at
3-5 HZ) was restricted to a single whisker vibrissa (num-
ber 3 of row C, C3) to evoke neuronal responses predom-
inantly in one barrel (C3). The 2DG technique was
adopted to demonstrate pictorially the global pattern of
functional (metabolic) organization of a single cortical and
thalamic barrel column. Similarly, the anatomical barrel
column representations were studied using the mitochon-
drial enzyme cytochrome oxidase (CO) (27). Figure 1 il-
lustrates the functional and anatomical representations of a
normal (or control) C3 barrel column in the rat’s cortex.

RESULTS

We applied the above experimental design to generate
multimodality images—2DG and CO—of the control C3
(CC3) barrel column and the spared C3 (SC3) barrel col-
umn in the first somatosensory cortex (SI) and in the VB
thalamus of the awake, restrained Sprague-Dawley rat.
Tangential sections were obtained after three fiduciary
marks were placed within the tangential blocks to allow
registration of the sections (9).

The upper half of Fig. 3 shows a histological section of
layer IV in the PMBSF of SI produced with cytochrome
oxidase (CO) staining. This cortical image corresponds to
the PMBSF ipsilateral to the neonatal lesion; therefore, it
is considered the control side. In this section, it is possible
to visualize the whole barrelfield. The CC3 barrel is
marked with arrows. The bottom half of Fig. 3 illustrates
the functional (metabolic) representation of the CC3 barrel
as labeled by the 2DG autoradiographic technique. The
inset shows 3-D representations of the functional and an-
atomic columns (10 adjacent sections within layer IV of SI
cortex) rendered with a volume rendering technique (21).
In this montage, we rendered the anatomical column (CO
stain) as an opaque object (red structure) and the func-
tional activity related to this anatomical column as an
overlaid transparent object (green structure). This type of
representation allows the reader to visualize the proportion
of functional activity associated with a particular anatom-
ical column.

In the upper half of Fig. 4, we have the representation
of the SC3 barrel (together with other barrels) in the
PMBSF of SI contralateral to the lesion. This anatomical
(histological) section was also produced with CO staining.
The bottom half of Fig. 4 shows the corresponding func-
tional representation produced with the 2DG labeling tech-
nique. Observe that the SC3 barrel underwent an enlarge-
ment of its anatomical and functional representations
when compared to those representations of the CC3 barrel
(Fig. 3). These enlarged (plastic) cortical representations
are a consequence of the alterations in the rat’s sensory
periphery due to a postnatal injury of the contralateral
receptor organs, that is, removal of whisker follicles, spar-
ing only the centrally situated C3 whisker and its follicle
on one side of the rat’s face. The inset shows 3-D recon-
structions of 10 adjacent slices within layer IV or SI cor-
tex. The anatomical column was volume rendered as an
opaque (violet) structure, and the 2DG metabolic activity
associated with this column is shown as an overlaid trans-
parent object (blue structure).

The anatomical and functional images have been reg-
istered to each other using the MSR algorithm. The accu-
rate registration procedure allows us to better localize and
isolate the site of activation in the low-resolution autora-
diograms. Using the ANALYZE software (21), we first
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identified and segmented (using thresholding and/or direct
editing with a mouse) the individual barrels in the high-
resolution histological sections and then superimposed the
two images to identify the functional structures in the low-
resolution metabolic images. This procedure was applied
to both Figs. 3 and 4.

Additionally, to isolate the functional structures of in-
terest from the surrounding background, we first trans-
formed the scanned autoradiograhpic data into concentra-
tion units that are proportional to glucose utilization val-
ues. Then a global thresholding function was applied to
isolate the metabolic signals from the background. In
these experiments, a cortical region was considered acti-
vated if the local cerebral glucose utilization (LCGU) was
20% higher than the mean background activity. This pro-
cedure allows the normalization of data across experi-
ments.

Figure 5 shows 2-D views of the control C3 (top) and
the spare C3 (bottom) barreloids at the VB thalamus pro-
duced with the 2DG technique. As in the cortex, the SC3
barreloid produced a larger labeling than the CC3 bar-
reloid. Note that the functional barreloids at the thalamus
have much smaller dimensions than the corresponding
barrels located at layer IV of the SI cortex (also refer to
Table 2 for quantitative measurements). Because of their
small dimensions, the CO staining technique did not gen-
erate good anatomical labeling for CC3 and SC3 bar-
reloids.

DISCUSSION

The results revealed that the cortical plasticity happens
in both functional and anatomical levels. On the develop-
mentally altered (injury) side, the neonatal follicle lesions,
sparing only the C3 vibrissa, produced an average increase
in the volume of cortical tissue driven by the SC3 whisker
of more than 150%. The functional cortical plasticity was
even larger. The SC3 metabolic column presented an av-
erage increase of more than 400% in volume when com-
pared to the CC3 column (refer to Table 2). At the VB
thalamus, we found that the plasticity phenomenon is also
observed, but to a lesser extent than in the SI cortex.
These results, summarized in Table 2, are in agreement
with previous observations (9,16).

Several factors could have contributed to the observed
anatomical and metabolic plasticity in the SI cortex and
VB thalamus, including the following (16): (1) altered
development of subcortical, thalamocortical, and cortico-
cortical connectivity associated with the vibrissa-SI corti-
cal column pathway; (2) differential development of lam-
ina IV barrels themselves, leading to an underdevelop-
ment of the surrounding denervated barrels and an
enlargement of the SC3 anatomical column; (3) reorien-
tation of deafferented barrel neuron dendrites into the ter-
ritory of the SC3 barrel neurons; and/or (4) unmasking of

FIGURE 5. (Top) CC3 barreloid at the ventrobasal (VB) thala-
mus labeled with the 2DG autoradiographic labeling tech-
nique. (Bottom)} SC3 barreloid at the VB thalamus labeled
with the 2DG technique. Note that the SC3 barreloid—which
is located contralateral to the neonatal lesion—has produced
a larger labeling area than the CC3 barreloid.

existing synapses within the territory of some of the de-
nervated barrels associated with the SC3 vibrissa follicle.
A more detailed description of these and other factors can
be found in Kossut et al. (16).

SUMMARY AND CONCLUSIONS

Multimodality multidimensional imaging systems have
great potential for enhancing and assisting research in neu-
roscience. Additionally, the use of image reconstruction
and 3-D graphic techniques can greatly improve the visu-
alization of processes and structures being investigated. In
this work, we implemented a novel multimodality imaging
system that is capable of producing anatomical and func-
tional (metabolic) information of a given structure or pro-
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TABLE 2. Two- and three-dimensional measurements of plasticity for five (VW = 5)
subjects (Sprague-Dawley rats).

Measurement on 10
Adjacent Slices

Spared C3

Brain region (25 um/section) Control C3 (plastic column)

S| Cortex Area, 2DG autoradiography 0.65 + 0.16 mm? 2.42 = 0.35 mm?

(layer V) Area, CO staining 0.26 + 0.08 mm? 0.50 = 0.03 mm?

Volume, 2DG autoradiography 0.27 = 0.06 mm® 0.92 = 0.17 mm?

Volume, CO staining 0.09 + 0.02 mm® 0.14 + 0.03 mm?

VB thalamus* Area, 2DG autoradiography 0.09 = 0.03 mm? 0.21 = 0.06 mm?
3

Volume, 2DG autoradiography 0.04 = 0.01 mm

0.09 = 0.02 mm?3

Average areas (in mm?) and volumes (in mm?) of the control C3 (CC3) and spared (C3
(SC3) columns as obtained by 2DG autoradiography and cytochrome oxidase (CO)
histochemistry. Quantitative measurements were done with the ANALYZE software

{21).
*n = 2 subjects.

cess within the vertebrate’s CNS. The functional images
are generated from ['*C]-2-doexy-D-glucose (2DG) autora-
diography, whereas the anatomic images are derived from
cytochrome oxidase (CO) histochemistry.

This multimodality imaging technique has been used to
study mechanisms underlying information processing in
the vertebrate’s brain. We have applied this technique to
visualize and measure the plasticity (change) observed in
the rat’s whisker system due to neonatal lesioning of se-
lected peripheral sensory organs (whiskers vibrissae). In
these experiments, we rendered and compared individual
activated metabolic and anatomical vibrissa columns
present in the SI cortex and in the VB thalamus. The
findings revealed that in the lesioned side, the C3 meta-
bolic columnar volume increased 450%, on average, when
compared to the volume of normal C3 vibrissa columns
localized in layer IV of the SI cortex. This plasticity was
also observed in the corresponding anatomical represen-
tations; however, the order of magnitude of the increase in
columnar volume averaged 150% for the side containing
the neonatally lesioned sensory organs. A similar but less
extensive metabolic plasticity was also observed in the VB
thalamus.

Application of this multimodality multidimensional
imaging system revealed that we could better understand
and study the plasticity phenomena occurring in the rat’s
whisker system. The metabolic and anatomic structures
could be fully visualized, including small changes in the
structures’ shapes and directionality. Previous 2-D imag-
ing techniques were simply unable to deliver these holistic
views.

Another important issue addressed in this work was
related to image registration problems. Image registration
is an essential preprocessing step executed in most image
analysis systems. The presented technique employs fidu-
ciary marks for alignment and is capable of registering
images with subpixel accuracy. It uses information from
all available fiduciary marks to promote alignment of sec-

tions and to avoid propagation of errors across a serial data
set.
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