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Mouse models of human diseases play crucial roles in understanding disease mechanisms and developing
therapeutic measures. Huntington's disease (HD) is characterized by striatal atrophy that begins long before
the onset of motor symptoms. In symptomatic HD, striatal volumes decline predictably with disease course.
Thus, imaging based volumetric measures have been proposed as outcomes for presymptomatic as well as
symptomatic clinical trials of HD. Magnetic resonance imaging of the mouse brain structures is becoming
widely available and has been proposed as one of the biomarkers of disease progression and drug efficacy
testing. However, three-dimensional and quantitative morphological analyses of the brains are not
straightforward. In this paper, we describe a tool for automated segmentation and voxel-based morphological
analyses of themouse brains. This tool was applied to awell-establishedmousemodel of Huntington's disease,
the R6/2 transgenic mouse strain. Comparison between the automated and manual segmentation results
showed excellent agreement in most brain regions. The automated method was able to sensitively detect
atrophy as early as 4 weeks of age and accurately follow disease progression. Comparison between ex vivo and
in vivo MRI suggests that the ex vivo end-point measurement of brain morphology is also a valid approach
except for the morphology of the ventricles. This is the first report of longitudinal characterization of brain
atrophy in a mouse model of Huntington's disease by using automatic morphological analysis.

© 2009 Elsevier Inc. All rights reserved.
Introduction

Because many loci of diseases are shared between mouse and
human, mouse disease models play essential roles in the under-
standing of disease mechanisms, progression, and drug efficacy
testing. For brain disease models, brain morphology is often an
important biomarker to detect and monitor underlying pathology.
These include atrophy of specific brain regions as well as ventricle
enlargement. For morphological characterization of the phenotype
and evaluation of therapeutic interventions, histology has beenwidely
adopted. In recent years, however, in vivo MRI of mouse brains is
becoming a promising and widely available technique to examine
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mouse brain morphology (Bock et al., 2006; Borg and Chereul, 2008;
Delatour et al., 2006). MRI allows longitudinal monitoring of disease
progression and had been applied to characterize animal models of
brain diseases (Bertrand et al., 2009; Filippi et al., 1998; Lau et al.,
2008; Maheswaran et al., 2009b; McDaniel et al., 2001; Ward et al.,
2008). It has high anatomical fidelity without tissue deformation
associatedwith the embedding and sectioning procedures. In addition,
its three-dimensional (3D), quantitative, and digitized formatmakes it
much more efficient at accurate volume measurement than are
conventional histological approaches (Badea et al., 2007b; Jacobs
et al., 1999; Johnson et al., 2007; Kovacevic et al., 2005;Ma et al., 2005;
MacKenzie-Graham et al., 2004).

Quantification of brain morphology (shapes and volumes of
specific anatomical areas) is not always straightforward regardless
of whether the data modality is histology-based or MRI-based.
Manual delineation of structures, although a well accepted and
widely used method, is time-consuming and requires well trained
operators and reproducibility testing. The definition of anatomical
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boundaries depends on delineation protocols and may not be
compatible among different laboratories. To ameliorate these issues
associated with manual structure delineation, voxel and atlas-based
automated morphological analyses are increasingly being used in
human brain studies (Ashburner and Friston, 1999; Chiang et al.,
2008; Good et al., 2001; Mazziotta et al., 2001; Oishi et al., 2009b;
Wright et al., 1995), and recently in several studies on mouse disease
models (Lau et al., 2008; Sawiak et al., 2009a,b).

Our overall goal is to develop and test automated brain segmen-
tation technologies and provide resource software for quantitative
studies of mouse MR images. For a model system, we chose a
Huntington's disease model. Huntington's disease (HD) is an autoso-
mal dominant neurodegenerative disorder characterized by progres-
sive impairment of motor function accompanied by psychiatric
disturbance and dementia; impairment is caused by a CAG trinucle-
otide repeat in the huntingtin gene (Vonsattel et al., 1985;Myers et al.,
1988;Huntington's disease Collaborative ResearchGroup, 1993). HD is
associated with reduction in brain volume and neuronal loss initially
located in the striatum (Vonsattel et al., 1985). Other brain regions,
including the cortex, hippocampus, thalamus, and hypothalamus, are
also reported to exhibit atrophy (Mann et al., 1993; Sieradzan et al.,
1997). In this study, we adopted the R6/2 mouse model, which is the
first transgenic mouse model of HD and expresses exon 1 of human
huntingtin (htt) with an increased CAG repeat length (Mangiarini et
al., 1996). This model recapitulates many features of HD, including a
progressive motor function deficit, htt aggregation, and brain atrophy.
R6/2 mice are widely used to screen for potential therapeutics (Beal
and Ferrante, 2004; Hersch and Ferrante, 2004; Li et al., 2005). The
well-established model is ideal for testing our tools.

In the present study, the mouse atlas was generated on the basis of
the adult C57Blmouse brain, one of the background strains of the R6/2
mouse. For the registrationmethod, Large Deformation Diffeomorphic
Metric Mapping (LDDMM) was utilized that guarantees preservation
of topology evenwith severe tissue atrophy (Miller et al., 2002). These
two resources (atlas and LDDMM-based image transformation) were
used for automated brain segmentation and the accuracy was tested
by comparing the results with manual delineation. The tool was then
applied to theR6/2mousemodel, awidely usedmodel ofHuntington's
disease in which cross sectional histology study has indicated
progressive brain atrophy in this model (Stack et al., 2005), to test
its efficacy in automatically differentiating anatomical features of the
transgenic mice from those of the wild type mice by MRI with
automated morphological analysis. The same mice were scanned
longitudinally to test if the tool can detect not only the cross sectional
but also longitudinal morphological changes. A subset of the mice was
also scanned ex vivo to test the usefulness of ex vivo data. Ex vivo
imaging, while not suitable for longitudinal study, can be useful for
acquiring high resolution high tissue contrast images formore detailed
morphological analysis and has been used in several studies (Lerch
et al., 2008a,b). The abnormalities in brainmorphology reported by the
automated quantitative analysis were then compared to comprehen-
sive analyses by histology and by functional testing of the animals to
test the efficacy of theMRI-based automatedmorphology analysis as a
noninvasive and longitudinal biomarker of the disease progression.
This is the first report of longitudinal characterization of brain atrophy
in a mouse model of Huntington's disease using automated morpho-
logical analysis of MR images with histological confirmation, though
cross sectional MRI studies have been successfully applied to
characterization of mouse models of Huntington's disease including
the R6/2 mice (Lerch et al., 2008a; Sawiak et al., 2009a,b). The
validation of accuracy of automated segmentation of longitudinal in
vivoMRdata in current study provides us the foundation to further test
the potential to use longitudinal brain volume changes to evaluate
therapeutic efficacy and translate these findings to human clinical
trials of disease with brain structural changes including Huntington's
disease.
Materials and methods

Animals

Transgenic HD mice of R6/2 line were originally purchased from
Jackson laboratories (Bar Harbor, ME) and the colony was maintained
by breeding heterozygous R6/2 males with females from their
background strain (F1 of CBA×C57Bl/6). DNA was obtained from
tails of the offspring for determination of the genotype and CAG repeat
size by PCR assay which was performed by Laragen Inc genotyping
service (CA,USA). Themicewerehoused ingroups of 3–5with access to
food andwater ad libitumand a 12-h light/dark cycle. All experimental
mice were housed in cages that included an orange mouse igloo and a
green nylabone, and wet mash was provided to all R6/2 mice, starting
atweaning. Bothmale and femalemicewereused inour study. The CAG
repeat size for all experimental R6/2 mice ranged from 103 to 112. In
this study, the average survival time in our cohort of R6/2 mice was
84±3.5 days (mean±SE, n=15). All animal experiments were
performed according to procedures approved by the Institutional
Animal Care and Use Committee at Johns Hopkins University.

In vivo MRI acquisition

In vivo studies were performed on a horizontal bore 9.4 Tesla MR
scanner (Bruker Biospin, Billerica, MA, USA) with a triple-axis
gradient and an animal imaging probe. The scannerwas also equipped
with a physiological monitoring system (EKG, respiration, and body
temperature). Fifteen mice (8 transgenic and 7 littermate controls)
were used in the MRI study. Mice were first imaged at 3 weeks of age,
and then weekly up to 6 weeks old, and then biweekly up to 12 weeks
old. Mice were anesthetized with isoflurane (1%) together with
oxygen and air at a 1:3 ratio via a vaporizer and a facial mask.We used
a 40-mm diameter birdcage coil for the radiofrequency transmitter
and receiver. Temperature was maintained by a heating block built
into the gradient system. Respiration was monitored throughout the
entire scan. Images were acquired using a three-dimensional (3D) T2-
weighted fast spin echo sequence, with the following parameters:
echo time (TE)/repetition time (TR)=40/700 ms, resolution=
0.1 mm×0.1 mm×0.25 mm, echo train length=4, number of
average=2, flip angle=40°. The total imaging time was about
40 min per mouse. Mice recovered quickly once the anesthesia was
turned off, and all 15 mice survived the repeated 40-min imaging
session. Imaging resolution and contrast were sufficient for volumetric
characterization of mouse brain and substructures.

Ex vivo MRI scans

Following the last scan of in vivoMRI, mice were perfused with 4%
ice-cold paraformaldehyde after transcardial perfusion with 1×PBS,
and brains were post-fixed in 4% paraformaldehyde at 4 °C for 1 week
to ensure proper fixation. Before imaging, brain samples were
transferred into phosphate-buffered saline (PBS) for 3 days, to wash
out paraformaldehyde. To minimize possible morphological differ-
ences between in vivo and ex vivo examinations, brains were kept
inside the skull during ex vivo imaging, which was performed on an
11.7 Tesla scanner (vertical bore, Bruker Biospin, Billerica, MA). The
scanner is equipped with a Micro 2.5 gradient system with a
maximum gradient strength of 120 G/cm. Brain specimens were
kept in home built plastic tube filled with Fomblin (Fomblin
Profludropolyether, Ausimont, Thorofare, NJ, USA) to prevent dehy-
dration. We used a 15 mm diameter birdcage coil for the radio
frequency transmitter and receiver. Images were acquired using a 3D
T2-weighted fast spin echo sequence, with the following parameters:
echo time (TE)/repetition time (TR)=40/800 ms, resolution=
0.08 mm×0.08 mm×0.08 mm, echo train length=4, number of
average=2, flip angle=40°. Total imaging time was 4–5 h. This
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imaging protocol generated satisfactory resolution and contrast for
delineation of mouse brain structures.

Image analysis

Generation of single-subject brain atlas
From a set of in vivo T2-weighted MR images of C57Bl/6 mice

(n=10, female, 12 weeks old), a template mouse brain image, which
hasmanually segmented whole brain and ventricular volumes close to
the median values of the six mice, was selected. The template mouse
brain image was then manually adjusted to the orientation defined in
the Paxinos' atlas with an isotropic resolution of 0.1 mm×0.1
mm×0.1 mm per pixel. This atlas contains manual segmentation of
10 brain structures that follow closely to the definition by Paxinos
(Paxinos and Franklin, 2003). The brain was segmented from the
rostral ends of the olfactory bulbs to the caudal end of the cerebellum;
neocortex was defined by the corpus callosum and external capsule,
with the ventral boundary by rhinal fissure; striatum was defined by
the corpus callosum, external capsule, and anterior commissure;
hippocampus was defined by the external capsule, lateral and third
ventricle, and thalamus; and the ventriclewas definedby intense signal
from CSF. The boundary of striatum and accumbens is often difficult to
identify even with histology slides, but borders of the corpus callosum,
external capsule, anterior commissure, and globus pallidus are clear in
MRI. We used clear anatomical landmarks and Paxinos' atlas to define
the boundary as reproducibly as possible.

Initial processing
Both ex vivo and in vivo images were first rigidly aligned to the

template image using automated image registration software (http://
Fig. 1. Diagram of the image analysis workflow. In vivo MR images of mouse brains from sev
rigidly aligned images were then normalized to the template using LDDMM. Maps of Jaco
sectional and longitudinal analysis were performed using both voxel-based methods and a
bishopw.loni.ucla.edu/AIR5/, AIR). After rigid alignment, both ex vivo
and in vivo images had the same position and orientation as the
template image, and image resolution was also adjusted to an
isotropic resolution of 0.1 mm×0.1 mm×0.1 mm per pixel. Signals
from non-brain tissue were removed manually (skull stripping).

Manual segmentation
After rigid alignment, two operators (Q. Peng and Q. Li) manually

segmented the striatum, neocortex, hippocampus, cerebellum, and
lateral ventricles to evaluate volume changes. Criteria for volume
measurements followed the definition in the atlas. Intra-rater and
inter-rater variabilities were measured by repeating manual segmen-
tation multiple times (3–4) until the reproducibility reached a
plateau. The final intra- and inter-rater variabilities were measured
using another dataset three times, eachmore than 3 weeks apart. Two
double blind technicians performed an image analysis for the same
samples: the inter-rater variability was 3.1%, and the intra-rater
variability was 2.1%, indicating our analysis method is reproducible
and reliable. The two operators (QL and QP) processed data
independently andwe adopted the average of the twomeasurements.

Computational analysis
The analysis workflow is shown in Fig. 1. Skullstripped, rigidly

aligned mouse brain (subject) images were analyzed using the
DiffeoMap software (www.mristudio.org). Intensity values of the
gray matter, white matter, and cerebral spinal fluid were normalized
to the values in the template images by using a piece-wise linear
function. This procedure ensured that subject image and template
image have similar intensity histograms. The intensity-normalized
subject images and the template images were submitted by the
eral time points were first skull stripped and rigidly aligned to the template image. The
bian were calculated from the nonlinear transformations generated by LDDMM. Cross
tlas-based methods.

http://bishopw.loni.ucla.edu/AIR5/
http://bishopw.loni.ucla.edu/AIR5/
http://www.mristudio.org
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DiffeoMap software to a linux cluster, which runs Large Deformation
Diffeomorphic Metric Mapping (LDDMM). Given images from the
template and subject images, LDDMM automatically constructs
nonlinear transformations between matching anatomical features
on the basis of image intensity throughout the entire brain (Miller
et al., 2002). The transformations were then used for quantitative
measurement of difference in local tissue volume between the
template and subject images, by computing the Jacobian values of
the transformations. LDDMM generates accurate and topology-
preserving transformations between images, and deformation-based
morphometry (DBM) (Ashburner and Friston, 2000) can detect
regional brain atrophy. By combining MRI, LDDMM, and DBM, we
can now investigate volumetric changes in the entire brain longitu-
dinally without the need to explicitly define regions of interest.

Behavioral test and survival study

Thirty mice in a separate cohort were randomly divided into each
group. Nontransgenic control mice were wild type littermates. Each
group contained 15 mice at the beginning of the survival study and
motor behavioral analyses. We used the same set of animals for
survival analyses and motor performance tests. Survival was
monitored daily by two experienced operators (Q. Peng and Q. Li).
The mice were euthanized when HD mice were unable to right
themselves after being placed on their backs and to initiate movement
after being gently prodded for 30 s. Motor behavioral performance
was assessed with a rotarod apparatus (Columbus Instruments, OH)
in which the time the mouse remains on the rod at accelerating speed
from 4 to 40 rpm was measured. Each mouse was trained for 5 min at
the beginning and the training session was followed by a 1-hour rest
period in the home cage. Mice were then placed back on the rotarod
Fig. 2. Representative longitudinal in vivoMRI images of a control and an R6/2 mouse at two
brain images and displayed as dotted lines in both control and R6/2 mouse brain images. Po
respectively. Structural abbreviations are: 3V, third ventricle; CX, neocortex; H, hippocamp
for three trials of maximal 5 min at accelerating speeds (4–40 rpm)
separated by a 30-minute rest period. Mice were tested on 3
consecutive days, bywhich time a steady baseline level of performance
was attained.

Silver staining and quantification of neurodegeneration

Mice were perfused by 4% paraformaldehyde, brain sections were
processed in a frozen microtome, and 40 μm thickness brain sections
were collected. Silver staining for degenerating neurons was
performed on free floating sections of 40 μm thickness by using the
commercially available FD neurosilver Kit 1 (FD NeuroTechnologies,
Ellicott City, MD) according to the manufacturer's instructions. The
degenerating neurons were identified by dark silver-positive staining.
All photographs used for quantification were taken with a Nikon
Eclipse TE 2000 inverted microscope attached to a CCD Digital camera
(Hamamatus Photonics K.K., Hamamatus, Japan). The area of interest
was measured using the Image-Pro software Version 4.5 (Medica-
Cybernetics, Silver Spring, MD). The average value of three 40 μm-
thick sections from each mouse was calculated for comparison
between control mice and R6/2 mice.

Statistics

Two-way (genotype and age) repeated measurement analysis of
variance (ANOVA) was first performed to evaluate the overall
significance of the changes in the volumes of the lateral ventricles,
neocortex, striatum, hippocampus, cerebellum, and whole. Post hoc
tests were performed using Student's t-tests with Bonferroni
correction for multiple comparisons. Group comparison on the
logarithm of the Jacobian values between the R6/2 and control mice
coronal levels. Boundaries of major brain structures were defined in the control mouse
tential atrophy in the cortex and hippocampus is indicated by white and black arrows,
us; LV, lateral ventricles; S, striatum; and T, thalamus.



Table 1
Average distances and standard deviations betweenmanual and automated segmented
mouse brain structure surfaces based on MRI data.

Brain region Affine (mm) LDDMM (mm)

Striatum 0.098±0.030 0.012±0.016
(0.143±0.050) (0.007±0.008)

Hippocampus 0.124±0.051 0.018±0.037
(0.191±0.051) (0.007±0.013)

Cortex 0.089±0.040 0.008±0.023
(0.147±0.083) (0.007±0.019)

Cerebellum 0.144±0.064 0.004±0.019
(0.208±0.064) (0.013±0.028)

Lateral ventricle 0.125±0.040 0.029±0.040
(0.179±0.059) (0.008±0.013)

Automated segmentation was first performed using affine transformation, followed by
LDDMM. Data from both thewildtype (n=6) and R6/2 (n=6, in parentheses)mice are
shown.
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at each age was performed at each pixel inside the brain by using two-
way (genotype and age) repeated measurement ANOVAwith post hoc
test with false discovery rate set at 0.05 to control for possible false
positives (Genovese et al., 2002) using SPM 99 (http://www.fil.ion.
ucl.ac.uk/spm). Because the template image has orientation and
position similar to that defined in the Paxinos' atlas, regions with
significant atrophy were labeled according to the atlas. One-way
ANOVA with post hoc analysis was used to compare rotarod data and
histology data between R6/2 mice and age-matched littermate
control mice. Survival data were analyzed by Kaplan–Meier analysis.
Correlations between brain regional atrophy and motor behavioral
performance were modeled using Pearsonian correlation analysis. All
statistical analyses except for the voxel-based analysis on the
logarithm of the Jacobian values were performed using SYSTAT
(Systat software, Inc, Chicago, IL, USA).

Results

Time course of tissue atrophy in R6/2 mice

In vivo longitudinal MRI scans of the R6/2 mice (n=8) and their
littermate control (n=7) were performed at 3, 4, 5, 6, 8, 10, 12 weeks
of age to monitor the onset and progression of brain atrophy. Fig. 2
shows representative MR images of a control mouse and a R6/2
mouse at four time points. To visualize the morphological difference,
major structures in the wild type brain are delineated by dotted lines
and superimposed on the R6/2 brain. Progressive enlargement of the
lateral ventricles and atrophy in the striatum, cortex, and hippocampus
are evident.
Fig. 3. Accuracy of affine and nonlinear registration on the surfaces of ventricles, hippocampu
12-week-old R6/2 mouse brains were normalized to our atlas image by using affine and n
transformed into each subject image by affine or LDDMM transformations. The distances
surfaces reconstructed from manual segmentation results are visualized on the structural s
Accuracy level of automated tissue segmentation

Using manual segmentation results as the gold standard, we
compared the level of accuracy of LDDMM-based image segmentation
to that of affine-based image segmentation in the T2 MRI data of adult
mouse brains. The mismatches between the automated (affine or
LDDMM) and manual segmentation results were measured by the
minimal distance at each point between the 3D surfaces reconstructed
from the segmented volumes. The distance measurements were then
rendered on the surfaces reconstructed from the manual segmenta-
tion results (Fig. 3). Overall, LDDMM-based segmentation results
approximated the manual results more closely than did the affine-
s, and striatum by using manual segmentation as standard. In vivoMRI images from six
onlinear transformation (Miller et al., 2002). The segmentation in the atlas image was
between the structural boundaries reconstructed from automated segmentation and
urfaces.

http://www.fil.ion.ucl.ac.uk/spm
http://www.fil.ion.ucl.ac.uk/spm
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based segmentation results. In most areas on the surfaces, the
mismatch between the LDDMM-based results and manual results
were within 0.1 mm, the size of an individual pixel. The region near
the posterior horn of the lateral ventricles, including the neighboring
hippocampal region, however, showed a large degree of mismatch
even with LDDMM-based segmentation. Table 1 shows the average
distances between manually and automatically reconstructed sur-
faces and their standard deviations. For the adult wild type mice, the
average surface distances between affine-based and manual seg-
mentation results were 0.125±0.040 mm, 0.124±0.051 mm, and
0.098±0.030mmfor the ventricle, thehippocampus, and the striatum,
respectively. In comparison, the LDDMM-based segmentationwas able
to reduce the average surface distances to 0.029±0.040 mm, 0.018±
Fig. 4. Correlation plots between automated segmentation based on LDDMM (vertical a
correlation for all brain regions measured in this study. Open circles, wild type mice; closed
0.037mm, and 0.012±0.016mm, respectively. A similar improvement
of LDDMM-based segmentation over affine-based segmentation was
also observed in the adult R6/2 mice. Although the performance of
affine-based segmentation in the R6/2 mice is not as good as its
performance in the adult wild type mice, probably due to the large
morphological changes present in the adult R6/2 mice, the LDDMM-
based segmentationperformed equallywell in both R6/2 andwild type
mice.

Fig. 4 shows correlation plots between volume measurements
based on the manual and LDDMM-based segmentation results at
4 weeks, 6 weeks, and 12 weeks of age. They demonstrate strong
correlations between the manual and LDDMM results for all brain
regions measured in this study with R2 higher than 0.6, except for the
xis) and results of manual segmentation (horizontal axis). They demonstrates high
circles, R6/2 mice.



Table 2
Average difference between manual and LDDMM-based automated volume segmen-
tation results (LDDMM minus manual results) at 4, 6, and 12 weeks of age in both the
wild type and R6/2 mice.

Structures 4 weeks (%) 6 weeks (%) 12 weeks (%)

Striatum 0.65±2.58 −0.83±0.90 −0.65±2.25
Hippocampus −0.52±0.85 −0.65±2.25 −0.52±2.05
Lateral ventricles 7.59±9.49 −0.24±8.12 −4.06±10.23
Cortex 1.97±1.04 2.59±1.54 3.37±1.97

The difference was measured as percentage of the manual segmentation results.
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striatum at 12 weeks old (R2=0.571) (Table S1 in Supplementary
materials). Table 2 further shows the average difference and standard
deviation of the differences between manual and LDDMM-based
volume measurements at the three stages. The LDDMM results have
similar or lower variability than the intra-rater variability (2.1%) for
all structures except for the lateral ventricles.
Fig. 5. Time course of volumetric changes in several brain regions including striatum (a), ne
Significant atrophy was detected in the striatum, neocortex, hippocampus, and whole brain
lateral ventricle was detected at 3 weeks in R6/2 mice and it did not progress with age. There
matched nontransgenic littermate control (WT) mice. Data were from 8 WT and 7 R6/2 m
performed to evaluate the overall significance of changes in the volumes of the lateral ventric
performed using Students' t-tests with Bonferroni correction for multiple comparisons.
Longitudinal data analyses

By using the automated method, the longitudinal morphological
changes were quantified over a 9-week period in R6/2 mice as shown
in Fig. 5. At 3 weeks of age, the whole brain and the cerebellar volumes
were not significantly different, but the tendency of small internal
structures and the larger ventricles can already be appreciated in R6/2
mice compared to these in littermate control mice. These differences
reach statistical differences between R6/2 mice and control mice at
the 4 to 5 weeks of age.

A voxel-based analysis of local atrophy (Jacobian map) in R6/2
mice was also performed and the results are shown in Fig. 6. These
images clearly show atrophy progresses at each location. Namely, at
5 weeks of age, atrophy in the striatum (yellow arrow) and cortex
(white arrow) reached significant levels and the atrophied areas
gradually progressed into the hippocampus (red arrow), the thalamus
(orange arrow), the piriform cortex (magenta arrow), and the
amygdala (cyan arrow).
ocortex (b), hippocampus (c), lateral ventricle (d), cerebellum (e), and whole brain (f).
by MRI in 4-week-old R6/2 mice and regional atrophy progressed with age. Enlarged
is no significant change of cerebellum volume. ⁎pb0.01 compared to the values of age-

ice. Two-way (genotype and age) repeated measurement analysis of variance was first
les, neocortex, striatum, hippocampus, cerebellum, and whole brain. Post hoc tests were



Fig. 6. Representative in vivo MRI images with deformation-based morphometry (DBM) of relative tissue volume; major structural boundaries defined in the control mouse are
overlaid on the R6/2 mouse and color-coded Jacobian maps for visual guidance. In the Jacobian map, only regions with significant change in local tissue volume (false discovery
rate=0.05) are shown. The color reflects the normalized local tissue volume with respect to local tissue volume in similar regions in the control mouse brains. Green and blue in the
Jacobian map indicate mild and severe atrophy, respectively. Atrophy in the neocortex (white arrows), striatum (yellow arrows), piriform cortex (magenta arrows), hippocampus
(red arrows), thalamus (orange arrows), and amygdala (cyan arrows) can be appreciated.
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Comparison between ex vivo MRI and in vivo MRI data

Perfusion fixed brains have been widely used to measure volumes
by histological method, in order to determine the effects of fixation on
brain volumes, we performed ex vivo high resolutionMRI on perfusion
fixed brains after in vivo MRI. Major brain structures were manually
segmented by the same protocol as that was used for the in vivo MRI
data. Although we found that there was overall reduction of brain
volume after perfusion, similar brain volume changes were observed
between the R6/2mice and control mice (Table 3). The only exception
was in the ventricle volumes, where in vivo–ex vivo correlation was
poor, probably due to collapse of the ventricle by the removal of
pressure of cerebral spinal fluid (CSF) in postmortem specimens.
Table 3
Regional brain volumetric data comparison between in vivo MRI scan and perfused brain ex

Brain region In vivo M

Whole brain WT 486.95±
R6/2 395.76±

% average change (R6/2 vs WT) −18.7%
Striatum WT 29.87±0

R6/2 20.96±0
% average change (R6/2 vs WT) −29.8%
Hippocampus WT 28.45±2

R6/2 19.44±0
% average change (R6/2 vs WT) −31.7%
Cortex WT 119.021±

R6/2 106.4±2
% average change (R6/2 vs WT) −10.6%
Cerebellum WT 64.05±1

R6/2 62.72±1
% average change (R6/2 vs WT) −2.07
Lateral ventricle WT 4.876±1

R6/2 7.779±1
% average change (R6/2 vs WT) +60%

Data are expressed as mean±SE. n=3 mice in each group.
Histological and functional correlation to the MRI-based results

To examine the degree of neurodegeneration in the atrophied
regions detected by MRI, silver staining was used to label the
degenerated neurons. As shown in Fig. 7, the density of silver-positive
stainingwas significantly increased in the brain regions that displayed
significant atrophy in the MRI study, including the piriform cortex,
hippocampus, and striatum. The decreases in structural volumes were
further correlated to declines in motor function in the R6/2 mice.
Significant deficits inmotor function,whichwere evident by reduction
of the time spent on the rotarod, appeared in 4-week-old R6/2 mice
and declined continuously with age (Fig. 8f). The rotarod deficit
correlated strongly with brain regional volume changes (Figs. 8a–d).
vivo MRI scan.

RI data Ex vivo MRI data % shrinkage

9.32 465.65±2.12 4.37
15.84 364.95±16.40 7.79

−21.6%
.94 23.37±0.07 21.8
.64 18.73±0.25 10.6

−19.8%
.27 26.34±0.84 7.42
.72 19.32±0.48 0.62

−26.6%
2.09 110.74±1.92 6.96

.33 97.60±2.30 8.27
−11.8%

.98 59.30±1.81 7.42

.10 57.88±1.05 7.72
% −2.39%

.27 0.047±0.001 99.0

.67 0.210±0.108 97.3
+347%



Fig. 7. Neurodegeneration was evident in R6/2 mice by silver staining. Silver staining of brains of 12-week-old control mice (WT) and R6/2 mice. Note that silver-positive dark
bodies represent cells undergoing neurodegeneration. The degenerating neurons were detected in the hippocampus, striatum and piriform cortex (middle column), which regions
showed atrophy in MRI measures (right column). Scale bars=20 μm. Quantitative silver staining densities in different brain region as indicated in the piriform cortex (left panel),
hippocampus (middle panel) and striatum (right panel). ⁎pb0.01 compared to the values of those in nontransgenic control wild type (WT) mice. One-way ANOVA with post hoc
tests were used.
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There was no correlation between rotarod performance and the
cerebellum volume (Fig. 8e).

Discussion

Importance of MR-based brain morphological studies in
providing biomarkers

In treatment trials, it is important to determine the efficacy of the
treatment and when the treatment should begin. Therefore, bio-
markers that can detect early changes and predict onset of other
symptoms are valuable. MRI-based measurement of regional volu-
metric change is one potential candidate and has been associatedwith
known pathology of Huntington's disease (HD) (Aylward, 2007).
Several groups have demonstrated the usefulness of longitudinal MRI
in studying neurodegeneration in mouse models of the Alzheimer's
disease (Lau et al., 2008; Maheswaran et al., 2009a), Rett syndrome
(Ward et al., 2008) and Schizophrenia (Bertrand et al., 2009). To our
knowledge, there is no longitudinal in vivo brain volume measures
reported in mouse models of Huntington's disease. Ideally, validation
of MRI as a biomarker should be done longitudinally to determine
when the specific brain region first shows detectable atrophy,
whether the degree of atrophy correlates with disease progression,
and how the progression of brain atrophy correlates with other
detectable phenotypes such as motor dysfunction. This is particularly
important with progressive disorders such as HD. Of the available HD
mouse models, the R6/2 mice have been the most widely used in
preclinical trials for testingpotential therapeutic compounds (Beal and
Ferrante, 2004; Hersch and Ferrante, 2004; Li et al., 2005), andMRI has
been utilized to evaluate brain atrophy and effects of treatment in the
R6/2 mice (Ferrante et al., 2000, 2002); these studies reported brain
atrophy by cross sectional comparison in the later stage of disease. It is
noteworthy that we found early atrophy in different brain regions of
R6/2 mice. The atrophy is positively correlated with motor behavioral
deficits. Our current study confirmed the previous reports, as well as
the longitudinal development of regional brain atrophy from an early
age to the end-stage in R6/2 mice, indicating that MRI could be a
powerful biomarker to monitor the progression of the disease and
drug efficacy potentially. The significance of the current study is that
we validated the accuracy of automatic segmentation of longitudinal
in vivo MR data in a well-established mouse model of Huntington's
disease, and provides the foundation to further useMRI as a biomarker
to evaluate the therapeutics.

Accuracy of the LDDMM-based automated segmentation

Although evidence demonstrate the importance of MR-based brain
morphological studies, the image analysis strategy often becomes a
bottleneck of the studies in terms of effort, accuracy, and compatibility
of the results. Our results demonstrate the high level of accuracy in
segmenting various major brain structures with the use of LDDMM.
For segmentation of the brain into major anatomical structures that
can bewell delineated byMR contrasts, our results agree with those in
previous publications on atlas-based quantification (Ali et al., 2005;



Fig. 8. There is progressive motor deficit in R6/2 mice (f). The progressive motor dysfunction is positively correlated with regional brain atrophy, including striatum (a), neocortex
(b), hippocampus (c), and whole brain (d). There is no correlation between progressive motor deficits and cerebellum volume (e).
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Bae et al., 2009; Sharief et al., 2008). As expected, the nonlinear
LDDMM can provide much higher accuracy compared to the linear
affine transformation (Fig. 3). Among nonlinear transformation
approaches, the level of accuracy could depend on the transformation
algorithm, transformation parameters employed, and the extent of
morphological abnormalities. Therefore, it is difficult to perform direct
comparison, which is beyond the scope of this article. In this study, we
used a single-subject in vivo MR image as the template for image
normalization and analysis instead of population average image. This
is because the contrast of a single-subject in vivo MR image and the
population-averaged in vivo image are different as structure are less-
well defined and highly variable structures are smeared out in the
population-averaged image, which resulted in unsatisfactory trans-
formation results in our preliminary study and in our recent human
studies (Oishi et al., 2009a). The relatively low resolution and limited
tissue contrast of in vivoMRI datamay contribute to this phenomenon.
Several reports based on ex vivoMR data have shown that population-
averaged atlases reduce the potential bias in analysis due to individual
variability and are more suitable to be used as the template image
(Kovacevic et al., 2005; Lerch et al., 2008b). It will be an important
effort to investigate the generation of population-averaged in vivo
mouse brain template images and atlases.

In addition, simple correlation of the manual — automated
methods has limitations. The results of anatomical delineation are
highly influenced by how the anatomy is defined. In the present study,
the manual segmentation criteria followed that of the pre-defined
atlas used for the automated analyses. If the manual protocol had
followed different criteria or the automated analyses had used a
different atlas, the correlations might not be as good as those reported
in this paper. We estimated the potential bias and variation
introduced by the automated segmentation with respect to the
manual segmentation results (Table 2). These data showed that the
results of automated andmanual segmentation agreed well with each
other for most structures. These data can thus be used for power
analysis in experimental design. In this study, we only studied the
volumetric changes of 10 structures in the brain, while several reports
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on mouse brain atlases have include far more structures (Badea et al.,
2007a; Chan et al., 2007; Kovacevic et al., 2005;Ma et al., 2005). This is
because our in vivo MR images do not have enough contrast and
resolution to precisely define many substructures, e.g., various nuclei
in the thalamus, and accurately register more structures between the
atlas and subject images.

Atlas-based vs voxel-based analysis

Once mouse brains are accurately normalized to a template space,
two types of quantificationmethods can be performed: one that is the
voxel-based and the other that is the atlas-based. In the voxel-based
analysis, the Jacobian map derived from the transformation measures
local tissue atrophy or hypertrophy at each pixel in the template
space. An example can be seen in Fig. 6. In the atlas-based analysis,
pre-segmented anatomical definitions (atlas) in the template space
are transformed to conform to each mouse brain by using inverse
transformation and automatically segment multiple structures in the
original images and measure their volumes (Figs. 4 and 5). These two
approaches should be considered as complementary rather than
competingmodalities. For example, if an atrophied region is located in
a confined area that constitutes only a small fraction of a pre-
segmented structure in the atlas, the atlas-based method may fail to
detect it. On the other hand, voxel-based methods have their
limitations (Davatzikos, 2004). If atrophy is wide-spread and/or
only by a small amount, the atlas-based approach, in which all pixel
values within a segment are averaged, would provide higher
statistical power than the voxel-based method.

In our results, the atlas-based approach indicates significant
volume losses in the hippocampus as early as 4 weeks of age in R6/2
mice, while the majority of the pixels in the hippocampus reach
significance only in the later stages by the voxel-based analysis.
Another interesting finding is that enlargement of the ventricle, which
was detected by the atlas-based approach did not reach statistical
significance by the voxel-based method at most stages. This type of
result occurs when enlargement (or shrinkage) does not accompany
reproducible shape change or that large morphological variation
exists; for example, some have ventricle enlargement in the anterior
section and some in the posterior. On the other hand, the voxel-based
analysis detected atrophy in the amygdala and thalamus, which were
not specifically segmented in our atlas used in this study and were
therefore neglected. This exemplifies how these two approaches
should be used as complementary approaches.

The discussion in the previous section leads to a question, “can we
define hundreds of anatomical structures in the atlas and perform
very detailed anatomical analyses?” whereas it is possible to define
many structures by, for example, transferring structures defined in the
Paxinos' atlas to an MRI data manually or via advanced registration
methods, such efforts may not lead to accurate automated segmen-
tation of MRI data. This is because the accuracy of both manual and
automated anatomical segmentation is limited by the tissue contrasts
within MRI data; namely, even with a sophisticated image analysis
technology, it is not possible to accurately define structures that are
indistinguishable in MRI.

In vivo vs ex vivo analysis

In vivo MRI has clear advantages over ex vivoMRI because it allows
longitudinalmonitoring. Nonetheless, one shortcoming is that because
of the time constraints and involuntary motion of the animals, the
contrasts and image resolution are limited. In the commonly used T2-
weighted images, there are many brain structures that lack internal
anatomical contrasts as can be seen in Fig. 2. These include internal
structures of the hippocampus, the striatum, and the thalamus. There-
fore, it is not reliable to perform segmentation (manual or automated)
within these structures. One advantage of the ex vivo scan is that it
provides much higher spatial resolution and contrasts (e.g., diffusion
tensor imaging),which can delineate brain anatomy inmore detail and
thuswouldprovide opportunities to performfiner brain segmentation.

In this study, we performed automated segmentation using in vivo
and ex vivo data from the samemice to validate the reliability of using
ex vivo data for morphological studies, because the fixation process is
known to cause morphological changes. The results indicated tissue
shrinkage and collapse of the ventricle space. However, while the
ventricle morphology is no longer reliable, the tissue anatomical
information is well preserved and the important differences between
the two groups can be observed. Therefore, ex vivo data could be a
useful end-point measurement with potential improvements in the
number of measurable anatomical structures.

Correlation with MRI and HD motor dysfunction

It is noteworthy that we detected very early atrophy by MRI in
different brain regions of R6/2 mice. The vulnerable regions in HD,
including the cortex and striatum, showed atrophy in the R6/2mice at
4 weeks of age; other regions such as hippocampus also exhibited
atrophy at this age, but the cerebellum was spared at all stages
examined. These data indicate that the brain atrophy in R6/2 HDmice
is more widely distributed than what is known for human pathology.
This may due to more aggressive phenotypes in the short fragment
HD mouse model.

We investigated correlations between the different regional brain
atrophy and motor dysfunction in R6/2 mice. In addition to atrophy
associated with age, there are strong correlations between deficits in
motor function and brain atrophy. These correlation study results
indicate that the functional change in the R6/2 mice may have
originated from loss of brain volume. We have confirmed that the
atrophic brain regions displayed neurodegeneration by histological
examination at 12 weeks of age in the R6/2 mice. It has been reported
that neurodegeneration in the R6/2 mice was detected in these
regions including striatum, cortex, piriform cortex and thalamus
(Kusakabe et al., 2001; Saydoff et al., 2006; Turmaine et al., 2000) in
which atrophy was detected by MRI measures in our current study.
The degeneration of neurons in these atrophic brain regions indicates
that MRI measurement can be used to study underlying pathological
changes. Potential atrophy suggested by voxel-based analysis in
several other brain regions, e.g., the amygdala (Fig. 5), remains to be
investigated and confirmed by histology.

Available resources

The atlases and image transformation tools, DiffeoMap, are
available for download from www.mristudio.org. The methods used
in this paper should be applicable to MR data by users.

Summary

In this paper, LDDMM-based automated brain segmentation was
tested for quantitative analyses of mouse brain morphology. Com-
parison with manual delineation confirmed excellent accuracy of the
automated segmentation. The tools were applied to a mouse model of
HD. The automated method could detect and quantify longitudinal
atrophy in several forebrain structures with an accuracy comparable
to manual delineation.
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