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The search for new mouse models of human disease requires a
sensitive metric to make three-dimensional (3D) anatomical compar-
isons in a rapid and quantifiable manner. This is especially true in
the brain, where changes in complex shapes such as the hippo-
campus and ventricles are difficult to assess with 2D histology. Here,
we report that the 3D neuroanatomy of three strains of mice (129S1/
SvimJ, C57/Bl6, and CD1) is significantly different from one
another. Using image co-registration, we ‘morphed’ together nine
brains of each strain scanned by magnetic resonance imaging at (60
pum)® resolution to synthesize an average image. We applied three
methods of comparison. First, we used visual inspection and
graphically examined the standard deviation of the variability in
each strain. Second, we annotated 42 neural structures and
compared their volumes across the strains. Third, we assessed
significant local deviations in volume and displacement between the
two inbred strains, independent of prior anatomical knowledge.

© 2005 Elsevier Inc. All rights reserved.

Introduction

The analysis and processing of medical images, especially
human brain images, for the purpose of determining quantitative
measures of function and anatomy is a rich and evolved field. With
growing interest in the genetic basis of neuroanatomy, such tools
have become even more valuable. Experiments performed in mice
frequently use controlled genetic backgrounds and researchers
would like to be able to identify mutant outliers which differ only
slightly from controls. Properly applied image processing tools can
recognize such differences that may not be immediately apparent
and can do so in a rapid and reproducible fashion.

Before any measurements can be made on neural mutants,
however, the boundaries of what constitutes a wildtype central
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nervous system (CNS) must be established. In other words, we
must determine the level of variability within a control
population for a given experimental measure. In the case of
anatomy, comparisons can be difficult because morphology is
inherently 3D. Morphological differences between strains have
been studied at the histologic level (Wahlsten et al., 2003;
Tabibnia et al., 1999). However, histologic comparisons are, by
necessity, two dimensional and section-to-section alignment is
affected by the process of slicing.

We have developed techniques in which 3D, non-destructive,
high-resolution magnetic resonance (MR) imaging is used in
conjunction with automated image processing tools to assess
commonalities and differences in the whole mouse brain and its
structures (Kovacevic et al., 2005). Mouse brains are excised
and MR imaged at 60 pum resolution isotropic. The brains are
first linearly registered to remove any differences in overall size
and shape—a global normalization. Then, non-linear registration
is applied to these globally normalized images to bring the
individual brains into an unbiased average image. The trans-
formation information is expressed as the displacement of each
point in the image: a deformation field. In this study, we have
applied these techniques to three different strains of mice using
nine brains for each strain: 129S1/SvimJ (129Sv), C57/Bl6
(C57), and the outbred line CD1. We have chosen these inbred
strains as they are commonly used in knockout and random
mutagenesis studies and CDI1 as it is one of the most widely
utilized outbred strains. We developed three independent
methods to detect differences between the groups of mice. First,
we graphically and quantitatively mapped out the spatial
variation of the deformation fields within each strain and
between strains. Second, we compared segmented volumes of
specific brain structures in the three strains. Finally, we derived
two measures from the deformation fields: local volume changes
and positional shifts between the two inbred strains. To assess
the differences, we used multivariate statistical tools to make
voxel-wise comparisons.
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Methods
Brain preparation

All procedures performed conform to University of Toronto and
National Institutes of Health guidelines on animal care. Eight-week-
old male outbred CD1 (Charles River, Wilmington, MA) mice,
inbred C57/Bl6 (Jackson Laboratory, Bar Harbor, ME) mice, and
inbred 129S1/SvIimJ mice (Jackson Laboratory) were acclimated for
a period of 3 days. Animals were then anesthetized with an overdose
of Avertin (2.5%) via intraperitoneal injection. Following lack of
deep tendon responses, the thoracic cavity was opened and animals
perfused through the left ventricle with 10 cm® of 0.1 M phosphate
buffer (pH 7.4) 0.9% NaCl (PBS), followed by 4% formaldehyde in
PBS. Solutions were infused at room temperature (25°C). Following
perfusion, the heads were removed and allowed to postfix in solution
at room temperature for an additional 60 min, at which time the
cranium was opened and the brain removed in its entirety. Brains
were then postfixed for an additional 24 h in a 4% paraformaldehyde
in PBS at room temperature.

Magnetic resonance imaging

A 7.0-T, 40-cm bore magnet (Magnex Scientific, Oxford, UK)
with a 29-cm inner bore diameter gradient set (Tesla Engineering
Ltd., Storrington, Sussex, UK) and connected to a UnityINOVA
console (Varian Instruments, Palo Alto, CA) was used to acquire
anatomical images of excised brains. Prior to imaging, the brains
were removed from the fixative and placed into glass tubes filled
with a proton-free susceptibility-matching fluid (Fluorinert FC-77,
3M Corp., St. Paul, MN). We used four custom-built, 12-mm over-
wound uniform solenoid coils (Idziak and Haeberlen, 1982) with
four parallel receivers to image four brains in parallel. The
parameters used in the brain scans were optimized for gray/white
matter contrast: T2-weighted, 3D spin-echo sequence, with TR/TE =
1600/35 ms, single average, field-of-view = 12 x 12 x 24 mm and
matrix size = 200 x 200 x 400 giving an image with (60 pm)®
isotropic voxels. The total imaging time was 18.5 h.

Image registration

We used a previously developed image registration technique for
deriving unbiased group averages (Kovacevic et al., 2004). Briefly,
given a group of n brain images, the algorithm initially performs
normalization of all brains with respect to global orientation, size,
shape, and MR intensity. This initial normalization step relies on
affine transformations only and is assumed to remove non-
significant anatomical differences. Next, the algorithm proceeds
with group-wise non-linear registration, followed by geometric
centering to produce two outputs: (1) a consensus average brain
anatomy and (2) a set of n deformation fields which encode
anatomical differences between the group average and individual
globally normalized brains. For each anatomical landmark (voxel) in
the group average, the n anatomically homologous locations within
globally normalized individual brains represent the spatial variability
of the landmark across the group. Details of the algorithm and
validation can be found in Kovacevic et al. (2004). We applied this
algorithm several times. Firstly, in order to factor out non-significant
differences, regardless of mouse strain, we globally normalized all
27 brains to obtain a grand average (n = 27). We then produced three
strain-specific averages (n = 9 for each strain). For the comparison of

the two inbred strains, we also produced their collective average (n =
18). All these average brain images were formed by averaging the
signal intensities of the individual warped images.

CNS structure labeling

The average brain based on all 27 brains was annotated by
registering with a previously annotated 129Sv brain atlas (Kova-
cevic et al., 2005). This annotation was then transformed along the
deformation fields to the 27 individual globally normalized brains.
In this way, all 27 individual brains were labeled. The software
package Amira (TGS Inc., San Diego, CA) was used for 3D
visualization to evaluate the accuracy of the automated segmenta-
tion of each of the 27 input brain images. Where needed, minor
corrections were made to the individual segmentations.

Deformation fields
In a standard image registration framework, anatomical differ-

ences between two brains are encoded by a deformation field F, such
that for each location x in the first brain, F'(x) represents the vector to

Single C57 Average C57

Fig. 1. Horizontal and coronal views of an individual brain and average
images. (a) A single C57 brain, (b) the average C57 brain, (c) the average
129Sv brain, and (d) the average CD1 brain. All images are shown with the
same contrast.
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the anatomically homologous location in the second brain, as
estimated by the registration algorithm. We used two main measures
derived from deformation fields: deformation magnitude as a
measure of positional distance within a fixed coordinate system
and Jacobian of the displacement field as a measure of local
volumetric change. These scalar measures provided summary
measures of the combination of shape and size and location
differences across the strains, simplifying the statistical analysis
and interpretation of voxel-wise difference across strains. They also
avoid the unstable estimation of multivariate statistics of full vector
deformation fields.

For the purpose of estimating group-wise variability, we used a
previously introduced measure of the standard deviation of the
deformation magnitudes SDDM:

SDDM() = \/11 YA,
k

for every voxel x in the average and F| — F, are deformation
fields from the average onto each of the » individuals. By
calculating the mean over all brain voxels x, we produce a single
number, mean SDDM, as a rough estimate of the overall variability
for a given group.

Partial least squares (PLS)

Anatomical differences between mouse strains can be visualized
using magnitudes of the deformation fields from each mouse strain
into the average image. However, these maps do not, by themselves,
indicate which aspects of the deformation fields most strongly
distinguish the mouse strains. A general feature of neuroimaging data
is that it is multidimensional, which poses problems for traditional
statistical analyses. These problems have been partially overcome by
the incorporation of random-field theory for univariate voxel-based
analyses (Friston et al., 1996, Worsley et al., 2004). A complementary

approach is to highlight the multivariate nature of the data sets by
using a combination of multivariate and distribution-free approaches,
such as PLS. PLS has been used to analyze functional neuroimaging
data to identify areas of activity commonly differentiating exper-
imental conditions. For the present work, we sought to identify,
across the full deformation data set, those regions most strongly
distinguishing the two inbred strains. Two data sets were created from
the deformation fields, reflecting voxel-wise magnitudes of volu-
metric and displacement differences between the inbred strains.
Volumetric comparisons were derived using the Jacobian, which
provides a measure of expansion or contraction (Chung et al., 2001).
For displacements, we used scalar distances along the direction
connecting the homologous voxels of the strain average images as
introduced by Lancaster et al. (2003). Since each of these metrics is
scalar, they were analyzed with a one-dimensional PLS mean-
centered approach as described by Mclntosh and Lobaugh (2004).
Two non-parametric methods were used to test the significance
and reliability of the findings. Permutation tests (n = 500) were used
to test the significance of the latent variables. The differences
between the C57 and 129Sv strains for the Jacobians were
significant at P = 0.002, and for the displacement data at P =
0.004. Bootstrap resampling (n = 200) was used to calculate the
standard error of the voxel saliences in the singular images. The ratio
of the salience to the bootstrap standard error is roughly a z score
(assuming normality in the bootstrap distribution). We set this
bootstrap ratio threshold to five for the Jacobian data (top 4% of
voxels) and 10 (top 8% of voxels) for the displacement data. PLS
has been implemented as MATLAB code (The MathWorks, Natick,
MA) and can be found at http://www.rotman-baycrest.on.ca:8080.

Results

The process of non-linearly aligning and averaging together a
number of genetically identical brains generally yields a much

Fig. 2. Several anatomical landmarks and their spatial distribution across all 27 brains. For each landmark, the large black ball represents a location in the grand
average, while corresponding 129Sv, C57, and CD1 locations are represented by pink, green, and blue balls, respectively. The grayscale image is the average

image of the 27 brains. The inset image is a zoom-in of the indicated cluster.
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Fig. 3. Horizontal (top) and coronal (bottom) views of the standard

deviation of the deformation magnitude images (SDDM) overlaid on the

corresponding grayscale images. The average SDDM was 149 + 55 pm,

150 £ 63 um, 129 + 48 um, and 181 + 63 pm, for the 129Sv average, C57

average, CD1 average, and the grand average.

sharper image, as shown in the C57 strain in Fig. 1b as compared
with Fig. la. This “sharpness” has been shown to be a reliable
measure of the accuracy of registration (Robbins et al., 2004). This
suggests that the primary neural structures are very similar in
genetically identical individuals at a resolution of (60 pm)’.
However, structures on the order of the imaging resolution, such as
small blood vessels and arteries, tend to be blurred out in the
average image, suggesting that these structures are not under tight
genetic control. The average brains from the 129Sv and CD1 mice
are shown in Figs. 1c and d, respectively. Detailed visual
inspection reveals many subtle anatomical differences among the
strains, e.g., the width of the corpus callosum (coronal section) and
the complexity of the myelinated tracts in the cerebellum
(horizontal sections).

A further means of comparing differences across strains is
through direct visualization of the displacement fields. The grand
average of all 27 brains is shown in two orthogonal planes in Fig.
2. The black balls correspond to arbitrary voxels in the grand
average. The homologous voxels of the individual 129Sv are
represented by pink balls, C57 by green, and CD1 by blue. As
expected, voxels from each individual strain tend to cluster

together and it is trivial to observe that the inter-strain variability
is greater than the intra-strain variability.

More quantitative measures of the variability can be derived
from the deformation fields obtained in the creation of the average
brains. Fig. 3 shows views of the SDDM from the three strains and
the grand average of all 27 brains on a spectral color scale overlaid
on the grayscale anatomical image. The areas of high variability
(green and yellow) are on the outer surface of the brain and at the
point of flexure between the cortex and the cerebellum. This is to
be expected for excised brain samples due to handling procedures.
In future studies, we recommend and we will implement leaving
the brain in the skull to minimize surface deformations as described
by Tyszka et al. (submitted for publication). The interior of all the
brains shows much less variability. As expected, the grand average
of all 27 brains shows the greatest variability and has the smallest
number of voxels with less than 100 um displacement. This way of
rendering the variability also reveals more localized spatial
information. For instance, in all strains, the more proximal arbor
vita exhibits lower variability than the outer cerebellar folia.

By averaging over all the voxels for each average brain, we
found the mean SDDM (+ its standard deviation) was 149 + 55 um,
150 £ 63 pm, and 129 £ 48 pm for the 129Sv, C57, and CDI,
respectively; whereas the average SDDM for all 27 brains was
larger at 181 + 63 pm. This result quantifies the visual observation

Table 1
The normalized average volumes (% of total brain volume + % standard
deviation) of selected structures in the three strains

Region of interest 129S1/SvimJ  C57/Bl6 CD1
(mean + ¢ %) (mean + ¢ %) (mean* o %)
3rd and 4th ventricle 0.58 + 0.05 0.60 + 0.04 0.53 £0.04
cerebral aqueduct
Amygdaloid region 1.65 £ 0.14 1.64 £0.13 1.56 £ 0.06
ventral
Anterior commissure 0.13+£0.008 0.13 +£0.008 0.13 +0.005

pars anterior
Anterior commissure
pars posterior

0.056 £ 0.006 0.053 £ 0.003 0.060 = 0.003

Arbor vita 2.62 +0.12 2.18 £ 0.09 2.42 +0.10

Cerebellum gray 11.70 £ 0.49 10.35 £0.26 1091 £0.26
matter

Corpus callosum 3.67 £0.11 3.71 £ 0.05 3.72 £ 0.20

Cortex 31.5+0.8 344 +0.5 314 +0.7

Dentate gyrus 0.41 £ 0.04 0.38 £ 0.02 0.36 £ 0.02

Facial nerve 0.059 + 0.003  0.056 + 0.003  0.060 + 0.005

Fimbria 0.63 + 0.02 0.63 + 0.02 0.67 + 0.04

Fornix 0.095 + 0.006 0.096 + 0.003 0.090 + 0.005

Habenulo peduncular 0.042 £ 0.003  0.040 £ 0.003 0.050 = 0.003
tract

Hippocampus gray 5.76 £ 0.18 5.65 £0.10 5.61 +£0.16
matter

Internal capsule 0.60 + 0.02 0.55 £0.01 0.60 £ 0.04

Lateral ventricles 0.37 £ 0.02 0.64 + 0.10 0.40 + 0.02

Mammilo-thalamic 0.053 £ 0.003 0.045 £ 0.003 0.054 + 0.005

tract

Medial septum 0.33£0.034 031 +0.016 0.32+0.019
Optic tract 0.22 £ 0.01 0.19 £ 0.01 0.21 £0.01
Posterior commissure 0.020 £ 0.001  0.021 + 0.003 0.020 + 0.003
Pre and para subiculum  0.60 £ 0.07 0.65 £ 0.08 0.58 £0.05
Stria terminalis 0.048 £ 0.003  0.05 +0.005  0.05 £ 0.003
Striatum 5.06 £ 0.15 529 £0.12 5.50 £0.23

The total brain volumes for the three strains were 357 + 8 mm®, 375 + 4
mm?>, and 367 + 4 mm? for the 129Sv, C57, and CDI, respectively.
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Fig. 4. Selected horizontal views showing statistically significant local volume expansions (yellow/red) and contractions (blue) in the C57 strain compared to
the 129Sv strain combined with expansion f the anterior corpus callosum. The color scale is a logarithmic representation with colors greater than 1.0 showing
expansion and less than 1.0 showing contraction. For these particular slices, we show (a) local expansion in the rostral aspect of the cortex, (b) expansion of the
lateral ventricles (lv), and (c) contraction of the fimbria (f), corpus callosum (cc), and the proximal arbor vita (av).

in both Figs. 2 and 3. The equivalent efficacy of the registration
algorithm for each of the three strains of mice can be appreciated
from these results. If the registration was ineffective for one strain,
it would have a smaller average SDDM, a dissimilar SDDM map
in Fig. 3 and a more blurry average image in Fig. 1. None of these
appear to be the case, implying that the registration performs
equivalently for each strain.

The overall size and shape of the brains from the three strains
appear different as do some of the interior structures. To
quantitatively identify these differences, we used the manual
segmentation of 42 manually segmented structures in the 129Sv
average brain presented in Kovacevic et al., 2005. From this one
average brain, we used our computed deformation fields to transform
and customize these labels to each of the 27 individual brains. We
then calculated the volumes for each structure by counting the
numbers of voxels within each label. A listing of selected structures
and their corresponding normalized volumes in the three strains are
shown in Table 1 (see http:/www.mouseimaging.ca/var_brain_atlas.
html for all of the segmented structures).

The volumetric analysis of brain structures was based upon
known anatomical definitions for the manual labeling. However,
by deriving two independent measures from the deformation fields,
we were able to compare local volume changes and shifts on a
voxel-wise basis between the two inbred strains without using a
priori structural information using PLS. The global analysis
showed for both measures that there were statistically significant
differences between the two strains.

Fig. 4 shows the results of the PLS analysis for the Jacobian data.
The horizontal views highlight voxels where the local expansions
and contractions were consistent across individuals. Areas in yellow
and red indicate regions that expanded in the C57 strain compared to
the 129Sv strain and areas in blue are contracted in the C57 strain.

In Fig. 4a, we see that the rostral aspect of the cortex is expanded
in C57 compared to 129Sv. Verifying what was seen in the
segmentation analysis, the lateral ventricles of the C57 are expanded
(Fig. 4b) and the arbor vita are contracted (Fig. 4c). Fig. 4c also
shows a mild contraction in the vicinity of the fimbria that is stable
across individuals. A finding that could not have been discovered in
the volumetric analysis was that both expansion and contraction
defined the differences between these two strains. From Table 1, we

saw that, on the whole, the C57 corpus callosum was larger than
129Sv. However, parts of the corpus callosum (vertical arrow, Fig.
4c) were actually smaller in C57 than in the 129Sv. In contrast to this
local reduction, the corpus callosum is expanded near the genu (Fig.
4c, horizontal arrow). Examination across the entire volume verified
that there were more local expansions of the corpus callosum than
contractions.

The second PLS analysis focused on the magnitude of the
displacement between the two strains (Lancaster et al., 2003). Fig.
5 shows regions where the difference in directional distance
between the two strains was stable. The color scale indicates how
far the C57 strain was displaced in relation to the 129Sv strain in
micrometers. We see that bilateral hippocampus and bilateral
anterior corpus callosum have shifted by as much as 400 pm
between the two strains.
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Fig. 5. A representative horizontal view showing statistically significant
displacements of the C57 strain in relation to the 129Sv. The color scale
corresponds to shifts in micrometers. Parts of the hippocampus (hc) and the
corpus callosum (cc) in the C57 show large displacements with respect to
the 129Sv (voxels in yellow and red). The blue areas indicate smaller but
statistically significant shifts between the two strains, e.g., the anterodorsal
thalamus (vertical arrow).
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Discussion

The techniques we have developed utilizing MRI and image
processing show the feasibility of quickly analyzing 3D structural
features in the CNS in a non-destructive manner. We believe that
the quantitative determination of variation for sample populations
within a strain is necessary before analyzing genetic mutants. In
fact, the structural variations we observed between 129Sv and C57
inbred populations highlight the importance of gene expression in
influencing CNS morphology. We make note of several features
observed in Table 1.

The volumes of a number of structures were found to be quite
similar across these three diverse strains. These include the axon
tracts of the anterior and posterior commissure, the fimbria, fornix,
stria terminalis, and the optic tract. However, several structures
showed interesting differences. For example, the C57 mice showed
consistently larger total brain volumes compared to the age-
matched CD1 mice, despite their substantially smaller gross body
weight (23.6 + 1.2 g versus 31.1 + 0.9 g). The largest contributors
to the increased brain mass in C57 mice were the cerebral cortex
and ventricular compartments (lateral and 3rd and 4th ventricles),
with increases of 10% and 13% compared to CDI1, respectively.
The increase in cortical volume seen in C57 mice compared to
mice of the CD1 and 129Sv lineages could potentially be related to
the improved performance of this strain over the other strains as
previous demonstrated in behavioral, learning and memory and
sensory tests (Rogers et al., 1999; Crawley, 2000).

An MRI-based volumetric measurement is useful in screening
defined populations of mice for the presence of significant
morphologic differences. However, caution must be exhibited in
equating changes in morphometric parameter to changes in
function. For example, 129Sv mice showed increased cerebellar
volume (arbor vita and cerebellum gray matter, Table 1) and a
nominal increase in hippocampal volume (dentate gyrus and
hippocampal gray matter, Table 1) compared to C57 and CDI
mice. However, no experimental studies to date suggest that these
animals exhibit improved performance in behaviors tied to either of
these structures. We did observe that 129Sv mice have a small but
significant reduction in the volume of their corpus callosum
compared to the other two strains, consistent with previous reports
(Crawley, 2000).

Another benefit of these techniques is that we can accurately
characterize entire CNS structures such as the whole striatum,
hippocampus, and anterior commissure, which are typically too
large to study using histology. We observed that the volume of the
striatum differed by approximately 4% between each of the lines in
the order CD1 > C57 > 129Sv. Such considerations may be
important in choosing the most appropriate strain for studies aimed
at depleting a specific target population of vulnerable neurons. The
utility of an MRI-based approach to examine structural mutants
depends significantly on the chosen control population. We expect
that a very stable neural structure in terms of volume will be best
suited for studies in which the control and target populations differ
only by a single gene product; changes in volume should then be
due only to this genetic manipulation. In the present strain
comparison, we are making observations on features that represent
the interaction of multiple genetic elements.

The volumetric analysis above reduces each measured CNS
structure down to one number: its volume. While making
comparisons easy, it will miss changes in position relative to
surrounding structures and subtle shape changes. For example, we

can see that the cortex appears more ‘triangular’ (viewed horizon-
tally) in the C57 but more square in the other two strains (Fig. 1). It
should be possible in future work to precisely define these
differences by using more sophisticated techniques using adaptive
shape models (Bookstein, 1996), statistical shape models (Rueckert
et al., 2003), or space-scale representations (Petrovic et al., 2004) to
describe the three-dimensional structures.

We also demonstrated techniques to measure inter-strain differ-
ences without the need for labeled anatomy. For example, simple
visual inspection in Fig. 2 can be used to convey whether or not a
genetic mutant is different from a control sample population. More
quantitative information can be found in the deformation fields.

As the deformation field is independent from the labeling
information, calculated measurements derived from deformation
fields will highlight differences beyond the extent of known
structures. For example, the Jacobian will identify regions of
volume change that extend outside or are smaller than the known
boundaries of a given brain structure (Fig. 4). In the same way, the
displacement data show positional shifts in regions of the brain not
necessarily tied to known anatomical features. Such powerful
methods will allow biologists to study anatomy on a whole-brain
scale, similar to recent studies in the human brain (Shen and
Davatzikos, 2003; Shen et al., 2002). Combined with the potential
high throughput of the imaging and the image analysis, we believe
we have a powerful technique for the morphometric analysis of
mouse models of human disease.

In conclusion, we have demonstrated several novel and
sensitive metrics to compare 3D brain anatomy in a group-wise
fashion. We have shown that the intra-strain anatomical differences
are significantly smaller than inter-strain differences. We have
explored the natural variation within genetically identical strains of
mice at a resolution of 60 um isotropic and found that there are
variations in size on the order of 2—15% for different CNS
structures within a strain. A number of ways to make group-wise
comparisons were demonstrated to show quantitative differences
between the strains. We believe that our tools are an important
complement to the study of behavioral and physiological differ-
ences in strains of inbred mice and will be crucial for finding
anatomical mutants.
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