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A recent study found differences in localised regions of the cortex
between the YAC128 mouse model of Huntington's Disease (HD) and
wild-type mice. There are, however, few tools to automatically examine
shape differences in the cortices of mice. This paper describes an
algorithm for automatically measuring cortical thickness across the
entire cortex from MRI of fixed mouse brain specimens. An analysis of
the variance of themethod showed that, on average, a 50μm (0.05mm)
localised difference in cortical thickness can be measured using MR
scans. Applying these methods to 8-month-old YAC128 mouse model
mice representing an early stage of HD, we found an increase in cortical
thickness in the sensorimotor cortex, and also revealed regions wherein
decreasing striatal volume correlated with increasing cortical thickness,
indicating a potential compensatory response.
© 2008 Elsevier Inc. All rights reserved.

Introduction

A recent study by our group examined differences between the
YAC128 mouse model of Huntington's Disease (HD) and wild-type
mice using deformation-based analyses of high-resolution post-
mortem MR scans (Lerch et al., 2008). Along with the shrinkage of
the striatum (Vonsattel et al., 1985), we found a volume increase in
the sensorimotor cortex, a finding mirrored by a study showing that
prodromal human HD also features increased cortical thickness
(Paulsen et al., 2006) and exhibits compensatory functional
responses in the thalamocortical circuit (Feigin et al., 2006).
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The tools to investigate shape changes in the mouse cortex are,
however, still limited. Histology and stereology-based techniques,
while extremely powerful and capable of providing cellular level
detail, are labour intensive and thus do not easily produce whole
cortex coverage. They are also subject to tissue shrinkage and
distortion from sectioning.

MR-based assessment of murine brain shape has recently gained
increasing traction (Badea et al., 2007; Pitiot et al., 2007; Ma et al.,
2005). The dominant methodology involves automated non-linear
alignment of all examined mice towards a common space and is
followed by either statistical analyses of the deformation fields or
mapping an anatomical atlas back to each animal to measure
structure volumes (Ma et al., 2005; Kovacevic et al., 2005; Chen
et al., 2006). Among anatomical measurements, the thickness of the
cortex in particular is endowed with biological significance, given
that this measure can approximate the path taken by the cortical
column, the prime computational unit of the cerebral cortex.

The last decade has produced a field of research based on
accurately extracting shape models of the human cortex from MR
images. As these techniques have become more sophisticated,
intriguing new insights into the anatomy of the cortex have been
gained, including mapping the pattern of thickening and thinning
during development (Sowell et al., 2004) and ageing (Salat et al.,
2004), in degenerative (Lerch et al., 2005) and psychiatric
disorders (Shaw et al., 2006b), and in relationships between
anatomy and behaviour (Shaw et al., 2006a; Walhovd et al., 2006).

Algorithms to measure cortical thickness from MRI follow one
of four prototypes. The simplest, and rarest due to the labour
intensive nature of the task, are manual measures using the digital
equivalent of callipers (Ross et al., 2001; Meyer et al., 1996). A
second set of methods which has gained increasing prominence
involves the extraction of the inner and outer cortical surfaces
using deformable models (MacDonald et al., 2000; Fischl and
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Dale, 2000; Kim et al., 2005). A third set of methods works
without explicit polyhedral models, instead computing image
boundaries to find the cortex then measuring the thickness of the
cortex at the voxel level (Jones et al., 2000; Preul et al., 2005). The
last type involves a mix of explicit surface parameterisation and
voxel-based cortical thickness methods (Thompson et al., 2005;
Miller et al., 2000).

The human cortex is convolutedwith the folding pattern differing
considerably between individuals. The mouse cortex, on the other
hand, is lissencephalic and, given the similarities within inbred
strains, almost identical among individuals. This key difference
between mice and humans simplifies the creation of a cortical
thickness algorithm considerably:

1. The complex deformable model process employed to map the
convoluted human cortex is not necessary for the mouse.
2. The similarity across animals allows for near perfect image
registration, a task still impossible within human populations.
3. The ability to compute accurate registrations implies that the
definition of the cortex and its boundaries can be created by
mapping a pre-existing atlas to each animal.

These points suggest that a volume-based cortical thickness
algorithm with boundary definitions gained from registration
towards an anatomical atlas will be the easiest solution. Explicit
surface parameterisation does, however, provide one key advan-
tage: the creation of a surface coordinate system with a controllable
number of nodes. Rather than comparing cortical thickness at every
voxel, thickness statistics can instead be computed on a much
smaller set of vertices over the cortical surface, leading to obvious
advantages in controlling for multiple comparisons. Moreover, it
allows the data to be smoothed along the manifold, an anatomically
more sensible operation than using volumetric Gaussian kernels. A
combined method, using voxel-based cortical thickness measures
together with a surface coordinate system, suggests itself as an
ideal choice of algorithm. It has the further advantage that every
voxel in the cortex is part of a path between the inner and outer
cortical surface.

The goal of this study, motivated by the intriguing finding of
shape differences in the YAC128 Huntington Disease model mice
as well as the lack of available tools to investigate the mouse
cortex, is to design a framework for automatically measuring
cortical thickness from mouse MRI and to use these new tools to
further investigate the YAC128 mouse model. These new methods
encompass a combination of mouse registration algorithms with
adaptations of tools designed to measure cortical thickness from
human MRI scans.

Methods

The proposed method estimates the thickness of the entire
cortical manifold. The basic procedure used follows: (1) MRIs of
all mice in the study are acquired. (2) A model independent
consensus representation of all mice in the study is created using
linear and non-linear registration techniques. (3) A previously
existing atlas with an associated segmentation of the cortex is then
mapped to the result of step 2. (4) The remapped cortical
boundaries are then in turn mapped to each of the individual mice.
(5) The thickness of the cortex is estimated. (6) Statistics on the
population are then computed to determine the relationship
between cortical thickness and the covariates of interest.
Specimen preparation and MR acquisition

The mice were anaesthetised with a combination of Ketamine
(100 mg/kg) and Rompun (20 mg/kg) via intraperitoneal injection. A
previously described sample preparation protocol for scanning was
usedwith slight modifications (Tyszka et al., 2006). Thoracic cavities
were opened and animals were perfused through the left ventricle
with 30 mL of phosphate-buffered saline (PBS) (pH 7.4) at room
temperature (25 °C). This was followed by infusion with 30 mL of
iced 4% paraformaldehyde (PFA) in PBS. Following perfusion, the
heads were removed along with the skin, lower jaw, ears and the
cartilaginous nose tip. The remaining skull structures containing the
brain were allowed to postfix in 4% PFA at 4 °C for 12 h. Following
an incubation period of 5 days in PBS and 0.01% sodium azide at
15 °C, the skulls were transferred to a PBS and 2 mM ProHance©
(Bracco Diagnostics Inc., Princeton, NJ) solution for at least 7 days at
15 °C. MR imaging occurred 12 to 21 days post-mortem.

A multi-channel 7.0 Tesla MRI scanner (Varian Inc., Palo Alto,
CA) with a 6-cm inner bore diameter insert gradient set was used to
acquire anatomical images of brains within skulls. Prior to
imaging, the samples were removed from the contrast agent
solution, blotted and placed into 13 mm diameter plastic tubes
filled with a proton-free susceptibility-matching fluid (Fluorinert
FC-77, 3M Corp., St. Paul, MN). Three custom-built, 14 mm
diameter solenoid coils with a length of 18.3 mm and over wound
ends were used to image three brains in parallel. Parameters used
in the scans were optimised for grey/white matter contrast: a T2-
weighted, 3-D fast spin-echo sequence, with TR/TE=325/32ms, four
averages, field-of-view of 12×12×25 mm and matrix size=432×
432×780 giving an image with 0.032 mm isotropic voxels. Total
imaging time was 11.3 h. Geometric distortion due to position of the
three coils inside the magnet and gradient was corrected using a
calibrated MR phantom (Henkelman et al., 2006).

Model-independent average creation and cortex segmentation

An unbiased model independent average of the MR scans is
created through the following procedure (Kovacevic et al., 2005;
Chen et al., 2006). All scans are linearly (3 rotations, 3
translations) registered towards a pre-existing atlas based on 20
male and 20 female adult C57Bl/6 mice (Spring et al., 2007), freely
available at www.mouseimaging.ca. All possible pairwise 12
parameter registrations (3 scales, 3 shears, 3 rotations, 3
translations) are then computed, and a transform is created for
each mouse through matrix averaging. After intensity averaging all
transformed scans to create the first population average, represent-
ing the average anatomy of the study sample after accounting for
overall brain-size differences, an iterative 6 generation multi-scale
non-linear alignment procedure is begun, initially registering each
mouse towards the 12 parameter registration average, and
subsequently towards the average determined from the previous
non-linear generation. All registrations are performed using the
mni_autoreg tools (Collins et al., 1995, 1994), which use an elastic
registration algorithm. The end-result is to have all scans in the
study deformed into a common space in an unbiased fashion.

The cortical labels were created on an average atlas of 20 male
and 20 female 12-week-old C57Bl6 mice (Spring et al., 2007). The
cerebral cortex was manually segmented using the software package
Display (http://www.bic.mni.mcgill.ca/software/Display/Display.
html, Montreal Neurological Institute, Montreal, Canada). Segmen-
tation was performed slice by slice along the coronal orientation;
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horizontal and sagittal orientations were used as guidance and all
three orientations were needed for manual correction. Careful
delineation of the cortex from surrounding structures was performed
with the visual aid of online mouse brain histological atlases such as
the Allen Reference Atlas (Lein et al., 2007) and the High
Resolution Mouse Brain Atlas http://www.hms.harvard.edu/re-
search/brain/atlas.html (based on Sidman et al., 1971) as well as a
book-based histological atlas (Paxinos and Franklin, 2001).

The male–female average is then non-linearly aligned to the
population average under investigation, and the cortex segmenta-
tion resampled into the space of the population average. The
segmented cortex is then backpropagated along either the inverse
final non-linear transform from each mouse or the concatenation of
the inverse non-linear transform plus the inverse 12 parameter
transform. The former is chosen if overall brain sizes are to be held
constant, the latter if cortical thickness is to be measured without
any overall scaling of the brains.

The whole procedure for generating a cortical thickness map for
each mouse can be seen in Fig. 1. The first steps involve placing the
Fig. 1. Measuring cortical thickness. EachMRscan (a) has the segmented cortexmapp
boundary, thewhite voxels the resistive boundary and the remainder the outside bound
and outside boundaries (c). (d) shows a zoomed view of the potential field around th
inside boundary to the outside boundary, colour coded according to their length (i.e.
segmentation of the cerebral cortex into the space of each mouse so
that cortical thickness estimates can be computed (Figs. 1a, b). The
polygonal surface defining the cortex on the atlas is transformed to
each individual mouse, and the annotation of inside, outside and
resistant boundary (see section 2.3 for an explanation of the
boundaries) is stored on a rasterized grid that is transformed along
with the cortical surface. The exact algorithm is the following: The
definition of the cortex, and inside, outside and resistant boundaries
is stored independently in the space of the atlas. They are
concurrently transformed into the space of each mouse. Following
the transformation, the polygonal surface defining the cortex is
rasterized by a line-scanning algorithm. The transformed boundaries
are then blurred with 0.5 mm Gaussian kernel. The rasterized grid
necessary to solve Laplace's equation for each mouse is then
reconstituted as follows: each voxel is labelled as cortex if it is inside
the transformed and rasterized cortex, otherwise it is assigned the
label of the inside, outside or resistant boundary depending onwhich
of the three blurred boundary maps had the maximum value at that
voxel.
ed to it (b), the blue voxels representing the cortex, the purple voxels the inside
ary. Laplace's equation is then used to create a smooth field between the inside
e interhemispheric fissure, and (e) shows the streamlines traversing from the
thickness). (f) displays the entire cortical thickness mapped on to a manifold.
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Laplacian thickness

The technique for estimating cortical thickness is adapted from
Jones et al. (2000), wherein Laplace's Equation is used to create
streamlines between the inside and outside cortical surfaces, and
the length of these streamlines is used to measure thickness. The
entire thickness estimation procedure is illustrated in Fig. 1.
Laplace's Equation is a second order partial differential equation
for a scalar field ψ enclosed between two surfaces S and S'. It takes
the form:

j2w ¼ A
2w
Ax2

þ A
2w
Ay2

þ A
2w
Az2

In the original paper, three regions were defined: the cortex, the
inside boundary and the outside boundary. The anatomical analogy is
the path taken by the cortical column, crossing perpendicular to the
cortical layers. The algorithm, taken from Jones et al. (2000), follows:

1. The definition of cortex and the boundaries is mapped to each
mouse brain via the inverse registration procedure described
above.
2. Laplace's equation is iteratively solved using the Jacobi
method, keeping the boundaries fixed.
3. Gradients ofψ are computed using simple two point differences.
4. Streamlines are computed at every voxel by integrating the
tangent vector field using Euler's method.

The same scheme is used for the mouse brain. A third, resistive,
boundary is added near the interhemispheric fissure. The standard
two boundary approach results in all potential lines terminating
where the inside and outside boundaries meet, which breaks the
analogy to cortical layers (see Fig. 2). The standard two boundaries
Jacobian relaxation takes the following form:

wiþ1 x; y; zð Þ ¼ ½wi xþ Dx; y; zð Þ þ wi x� Dx; y; zð Þ
þwi x; yþ Dy; zð Þ þ wi x; y� Dy; zð Þ
þwi x; y; zþ Dzð Þ þ wi x; y; z� Dzð Þ�=6

Where ψi+1(x,y,z) is the value of the potential at x,y,z in the ith
iteration. The third boundary modifies the above algorithm slightly.
Each condition is checked forwhether it is inside the resistive boundary,
and if it is, it is not included in the modification of ψi+1(x,y,z), and the
denominator is decreased by one. For themajority of the cortexwithout
the resistive boundary present, the algorithm is equivalent to that used in
Jones et al. (2000).
Fig. 2. Laplacian potential at the interhemispheric fissure: (a), taken from Hof et
including the 6 cortical layers. (b) is the Laplacian potential map using two bounda
lines approximate cortical layers more closely with the addition of the resistive bo
Surface coordinate system

A surface coordinate system is used to compare cortical
thickness across a population of mice. The following procedure is
used:

1. The laplacian potential field is generated on the average and
an intermediate surface (halfway between pial and white matter
boundaries) extracted for each hemisphere using marching
cubes with the half maximum potential line as the threshold.
2. The intermediate surface is simplified by means of an edge
collapsing algorithm to contain 18,000 polygons with the edge
length limited from 0.1 to 0.3mm (average edge length: 0.15mm)
using Amira (©Mercury Computer Systems, Inc.).
3. These surfaces are mapped to each subject using the same
registration procedure as the mapping of the Laplacian grid.

The same surface, generated in average space, is thus mapped to
each subject. This preserves, due to the regularization inherent in the
registration, an inherent correspondence between vertices, as in
MacDonald et al. (2000), i.e. vertex v in mouse 1will map to vertex v
in mouse 2, even if the mapping process had displaced that vertex to
different points in space for each mouse.

The existence of an intermediate surface also allows for
smoothing of the thickness along the cortical manifold. Some
smoothing is likely to improve the ability to detect subtle differences
between groups of mice (Lerch and Evans, 2005), and following the
topology of the cortex provides better preservation of anatomical
information than using a Gaussian kernel in volume space (Lerch
and Evans, 2005; Chung et al., 2003). Here we employ diffusion
smoothing using the Laplace Beltrami operator as described in
Chung et al. (2003).

Statistical analysis

The above algorithm results in a map of 9000 cortical thickness
measures. Localising differences in cortical morphometry between
groups of mice can thus be performed in the same massively
univariate or multivariate ways as employed in human brain
imaging. Here we employ independent linear models relating
thickness to mouse genotype or other volumetric/behavioural
phenotypes. Multiple comparisons are controlled using the False
Discovery Rate (FDR) (Genovese et al., 2002), a technique which
limits the number of allowed false positives within the set of
results.
al. (2000), shows a Nissl stained slice along with anatomical annotations,
ries, and (c) with the third resistive boundary added. Note how the potential
undary.
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Variance and power analysis

In order to understand the cortical analysis system described
herein, a group of 20 male C57BL/6 mice, first described in Spring
et al. (2007), were processed. The goal was to gain an under-
standing of the variance inherent in the thickness and surface area
measures and thus know their statistical power.

The results are shown in Fig. 3. The mean cortical thickness in
these mice was 0.89 mm±0.016 mm. Given two groups of 10
mice, one can expect to recover a 0.05 mm difference in cortical
thickness at α=0.005 (corresponding to a FDR of 5% in Spring
et al., 2007). The shape of the power analysis graph indicates that a
sufficient study size for cortical thickness analysis is around 6–9
mice per genotype.

YAC128 mouse model

HD is a neurodegenerative disorder characterised by motor
dysfunction, psychiatric disturbances and cognitive impairment that
is caused by a CAG trinucleotide expansion in the HD gene on
chromosome 4 (Huntington's Collaborative Research Group, 1993).
HD is classically associated with initial reduction in volume and
neuronal loss primarily localised to the striatum (Vonsattel et al.,
1985), but widespread brain atrophy has been described in early to
mid-stage HD in humans using magnetic resonance (MR) tech-
niques (Rosas et al., 2003).

The YAC128 mouse model of HD expresses the entire human
huntingtin (htt) gene with 120 CAG repeats (Slow et al., 2003).
This mouse model recapitulates many features of human HD
including progressive motor and cognitive deficits, striatal and
cortical atrophy with relative sparing of the hippocampus and
cerebellum. These animals demonstrate low interanimal variability
Fig. 3. Mean cortical thickness(n=20) for 12-week-old male C57BL/6 mice is sho
expected power given two groups, the y axis specifying the recoverable change give
estimates of standard deviation: standard deviation of mean cortical thickness (0.01
variance of all vertices in (b) (0.007 mm).
(Slow et al., 2003; Van Raamsdonk et al., 2005b,a). As in human
HD, the phenotype of the YAC128 mouse is progressive, with
cognitive deficits detectable as early as 2 months, followed by
motor deficits and specific striatal and cortical atrophy (Slow et al.,
2003; Van Raamsdonk et al., 2005b). Striatal atrophy in YAC128 is
associated with a decrease in neuronal count, and striatal neuronal
loss at later timepoints correlates strongly with earlier motor
deficits (Slow et al., 2003).

The analysis of cortical morphology presented here used the
same 18mice employed in Lerch et al. (2008). Specimen preparation
and MR scanning were identical to the procedure described in
Specimen preparation andMR acquisition. The cortex atlas was then
mapped to each individual mouse and cortical thickness measured
using the three boundary Laplacian algorithm. Thickness maps were
blurred with a 0.2 mm diffusion smoothing kernel.

The analysis addressed the following questions: does the
thickness of the cortex vary by genotype, does it relate to the size
of the striatum, and does the relationship between cortical thickness
and striatal volume differ between the wild-type and YAC128 mice.
The model employed was thus the classic ANCOVA linear model:

thickness ¼ b0 þ b1Striatumþ b2Genotype
þ b3 Genotype � Striatumð Þ þ e

where Striatum is the volume of the striatum in mm3 centred on the
mean striatum volume of all mice, and

Genotype ¼ 0 Wild type
1 YAC128

�

Tests were carried out at every vertex as well as for the mean
cortical thickness and overall surface area. Note that there was no
correction for global brain size, as there appears to be no relationship
wn in (a) with the standard deviation in (b). The graph in part (c) shows the
n the group sizes shown on the x axis. The three lines belong to three different
6 mm), the maximum variance from figure (b) (0.062 mm) and the median



Fig. 4. Differences in overall cortical thickness between the YAC128 mouse and wild-type controls; the top row shows the difference between groups in mm, the
bottom row the t-statistics of that difference. The sensorimotor cortex is thicker in the YAC128 mice, reaching a maximum difference of 0.19 mm. A
representative vertex is plotted, the solid lines showing the linear model fit between striatal volume and cortical thickness, the dashed lines the 5% confidence
interval. All effects are significant at a 10% false discovery rate.

Fig. 5. Differences in the relationship between cortical thickness and striatal volume; the top row shows the difference in regression slopes in mm, the bottom row
the t-statistics of the difference. There is a positive relationship between striatal volume and cortical thickness throughout the cortex in the wild-type mice. In the
YAC128 mice, however, the sensorimotor cortex shows an inverse relationship, with cortical thickness increasing as the volume of the striatum declines. A
representative vertex is plotted, solid lines representing the linear model fit and dashed lines the 5% confidence interval.
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between brain size and cortical thickness. This is true in mice
(R2=0.01 in the male–female data set described above) as well as
humans (Luders et al., 2006).

There was a significant positive correlation between striatal
volume and mean cortical thickness (p=0.02), and the YAC128
mice had thicker cortices than wild-type controls at the centred
striatal volume (p=0.04). There was no significant interaction
between striatal volume and cortical thickness. Overall surface area
also correlated with striatal volume (p=0.01), but there were no
group differences nor significant interactions.

The results of the per vertex tests are shown in Figs. 4 and 5.
YAC128 mice had significantly thicker sensorimotor cortices,
reaching a difference of 0.147±0.04 mm. Small increases were also
found in the frontal and entorhinal cortices. Only two small regions –
the anterior cingulate and the retrosplenial cortex – showed thinning
in the YAC128 mice. Significant interactions between genotype and
striatal volume were also found in the sensorimotor cortex, located
slightly anterior to the significant group differences, wherein the
wild-type mouse showed a positive correlation between striatal
volume and cortical thickness while the YAC128 mice featured
increasing cortical thickness with decreasing volume of the striatum.

At 8 months of age, the YAC128 mouse most closely represents
a late pre-clinical or very early clinical phase of Huntington's
Disease (Van Raamsdonk et al., 2005b). Motor learning deficits, as
measured on the rotarod, are present as of 2 months, and cognitive
function (as measured in the water maze) present at 8 months of
age (Van Raamsdonk et al., 2005b), but striatal atrophy can just
barely be detected (Lerch et al., 2008).

The findings of increased cortical thickness agree with previous
results from human preclinical subjects (Paulsen et al., 2006). The
nature of this difference is uncertain; the three most likely possibilities
are a compensatory response to striatal degeneration, indications of
abnormal cortical development, or some type of inflammatory
response preceding cell death in later stages of the disease. Lon-
gitudinal data or more timepoints are needed in order to adequately
provide a mechanism for this increase in cortical thickness; based on
human data, however, it is expected that in later stages of the disease
the cortex in the HD mice will indeed be thinner than their wild-type
counterparts (Rosas et al., 2002), and the YAC128 mouse model has
indeed been shown to have reduced cortical volume at 12 months of
age (Slow et al., 2003; Van Raamsdonk et al., 2005a).

The fact that, in the sensorimotor cortex, there is an inverse
correlation between striatal volume and cortical thickness only in the
YAC128 mice indicates that this could indeed be a compensatory
response. A recent study using functional MRI showed increasing
neuronal recruitment in early HD patients using a Simon task, which
tests response times under conditions of spatial incompatibility
between stimulus and response (Georgiou-Karistianis et al., 2007).
More importantly, that same study showed that increased activation
corresponded toworseningmotor deficits (Georgiou-Karistianis et al.,
2007), and a previous PETstudy further showed increased blood flow
in Huntington's patients in the parietal lobes during a triggered finger
opposition task (Bartenstein et al., 1997). Increasing damage to the
striatum could thus cause increasing compensatory recruitment of
cortical areas (Georgiou-Karistianis et al., 2007; Paulsen et al., 2004).

Conclusions

Here we have presented an automated algorithm for measuring
cortical thickness at every point of the cortex frommouse MRI. This
technique can greatly compliment the existing set of tools for
analysing differences in image deformations by providing a more
biologically relevant index of cortical change. The application to the
YAC128 mouse model of Huntington's Disease showed an increase
in cortical thickness in response to striatal degeneration, a potential
compensatory response also seen in human prodromal HD. Together
these findings reaffirm the potential utility of MRI in monitoring
mouse models of neurodegenerative diseases and underline the
striking parallels to human HD exhibited by the YAC128 mouse.
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