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Magnetic resonance imaging (MRI) of transgenic mice has the potential to provide valuable insight into the
complex mechanisms underlying Alzheimer's disease (AD). Quantification of pathological changes is typically
performed using manual segmentation methods, and requires a priori hypotheses about anatomical structures for
volumetric measurement. Alternatively, deformation-based morphometry (DBM) has been shown to be a
powerful, automated technique for detecting anatomical differences between populations by examining the
deformation fields used to nonlinearly warp MR images. In this multiple timepoint, in vivo study, we have applied
an automated, unbiased technique for the creation of a nonlinear, population-specific reference space from which
robust DBM analysis can be performed. A general, linear mixed-effects model framework was developed to follow
the evolution of structural changes in mouse brain from 2.5 to 9 months of age, and to examine neuroanatomical
differences between a transgenic (TG) APP/PS1 murine model of AD and wild-type (WT) littermates.
Morphometric abnormalities in the TG group were localized to regions of the hippocampus, cortex, olfactory
bulbs, stria terminalis, brain stem, cerebellum, and ventricles. Although volumetric reductions were detected in TG
mice, no general brain atrophy was found, suggesting a developmental, rather than a degenerative, pathological
process. Finally, we established a strong correlation between a DBM summary measure and manually segmented
volumes for each image in the dataset. These results support the utility of DBM to study longitudinal morphological

changes in mouse models of central nervous system diseases in an automated and exploratory fashion.

© 2008 Elsevier Inc. All rights reserved.

Introduction

Alzheimer's disease (AD) is a devastating neurodegenera-
tive disease that currently afflicts over 4.5 million people in
the U.S., and which is predicted to rise to 11.3-16 million by
2050 (Hebert et al., 2003). This staggering prevalence and
rapidly growing incidence point to the desperate need for the
development of new therapeutic avenues for the treatment of
AD. While currently available drugs provide limited, short-
term, symptomatic effects, drug development has moved
toward disease-modifying therapies which would slow,
reverse, or ultimately prevent AD. These disease-modifying
agents are generally designed for molecular targets known to
be involved in the pathogenesis of AD. However, the ultimate
phenotypic consequences of the expression of these mole-
cular targets remain poorly understood.
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Longitudinal, anatomical magnetic resonance imaging
(MRI) studies provide a non-invasive means of following the
subtle structural changes which occur during the natural
evolution of AD (Lerch et al., 2005). While most quantitative
MRI studies of AD-related neuroanatomical alterations have
focused on human subjects (Anderson et al., 2005; Barnes et al.,
2007; Thompson et al, 2007), a few recent studies have
examined volumetric changes in transgenic (TG) mouse models
of AD (Redwine et al., 2003; Delatour et al., 2006; Oberg et al., in
press). TG murine models with targeted expression of mutated
amyloid precursor protein (APP) genes demonstrate many of
the cognitive (Palop et al.,, 2003) and neuropathological
features of AD, including senile plaques, neuronal impairments,
acetylcholine (ACh) denervation (Hsia et al., 1999; Mucke et al.,
2000; Aucoin et al., 2005), cerebral hypometabolism (Niwa
et al.,, 2002), and alterations in synaptic transmission (Larson
et al,, 1999). These models are particularly useful for studying
the natural evolution of AD, as well as for evaluation of the
therapeutic efficacy of new disease-modifying agents.

Quantitative anatomical MRI studies of TG models of AD
have largely been limited to manual segmentation of regions-
of-interest (ROIs) (Redwine et al., 2003; Delatour et al., 2006;
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Oberg et al., in press). These techniques, however, are labour-
intensive, prone to intra- and inter-rater bias, relatively
insensitive to subtle morphological brain changes (Ashburner
et al., 2003), and require a priori hypotheses about affected
anatomical structures, thereby excluding potentially relevant
regions from the analysis.

In order to overcome these inherent limitations, we have
developed an alternative, automated approach, using defor-
mation-based morphometry (DBM), to detect the natural
evolution of neuroanatomical changes in TG mouse models of
AD. DBM is a quantitative image analysis technique which
evaluates information contained within the vector field
generated by the nonlinear warping of an individual MRI
scan to a reference template (Davatzikos et al., 1996; Book-
stein, 1997; Thompson and Toga, 1997; Ashburner et al., 1998;
Cao and Worsley, 1999; Chung et al., 2001). In contrast to
voxel-based morphometry (VBM) (Ashburner and Friston,
2000; Good et al., 2001; Bookstein, 2001; Ashburner and
Friston, 2001), DBM does not require segmentation of the
brain into different tissue compartments, which can be
particularly challenging in the murine brain. Further, DBM
has been successfully applied to examine cross-sectional
morphological differences and longitudinal anatomical
changes in human (Fox et al, 2001; Janke et al., 2001;
Studholme et al., 2004; Leow et al., 2006) and, more recently,
mouse neuroimaging studies (Verma et al., 2005; Zhang et al.,
2005; Chen et al., 2006; Nieman et al., 2006; Spring et al.,
2007). While the majority of DBM studies of mouse brains
have been limited to cross-sectional or dual timepoint studies,
Verma et al. (Verma et al., 2005) and Zhang et al. (Zhang et al.,
2005) recently extended this technique to study murine brain
development over multiple timepoints, comparing changes in
diffusion-tensor MR images of fixed, ex vivo brains between
post-natal developmental stages using qualitative, landmark
based and ROI-based quantitative measures.

In the present study, we have utilized DBM to examine in vivo
neuroanatomical differences between TG mouse models of AD
and wild-type (WT) littermates, as well as follow the evolution of
these structural changes from 2.5 to 9 months of age using a
general, linear-model framework based on the deformation
maps. The relationship between the results of our automated
analysis and conventional manual segmentation methods was
assessed for a number of different anatomical structures. This
fully-automated framework allows for voxelwise statistical
analysis and obviates the need to specify pre-determined ROIs,
thereby resulting in an unbiased, exploratory method for ana-
lyzing subtle differences between TG and WT populations.

Materials and methods

Animals and MRI measurements

MRI scans were kindly provided by AstraZeneca R&D
(AstraZeneca, Sodertdlje, Sweden). The mouse models and MRI
scanning protocols used for these studies have previously been
described, in detail, by Oberg et al. (Oberg et al., in press). Briefly,
20 TG APP/PS1 mice (11 females, 9 males) and 13 WT littermates
(11 females, 2 males) were scanned at 2.5 months (14 TG, 9 WT),
4.5 months (13 WT, 9 WT), 6.5 months (10 TG, 10 WT), and
9 months (8 TG, 13 WT) of age for a total of 86 scans. MRI scans
were performed using a horizontal-bore 9.4 T magnet (Bruker
BioSpec 94/30, Bruker, Ettlingen, Germany) equipped with a
12 cm inner-diameter self-shielded gradient system (maximum

gradient strength 400 mTm™!). A 72-mm volume coil was used
for excitation and a quadrature mouse brain surface coil (Bruker,
Germany) was used for signal detection. MR images were
acquired with a 3D inversion-recovery, spin-echo sequence
with the following scan parameters: matrix size=128x128x 64,
FOV=2.0 cmx2.0 cmx1.0 cm, resolution=156.25 pmx
156.25 umx156.25 um, TR=2500 ms, TE=5.7 ms, RARE
factor=4, inversion delay=500 ms, and NEX=1. The total
acquisition time was 1 h and 26 min.

Longitudinal deformation-based morphometry

Reference model and nonlinear registration

Image processing was performed using software available
from the McConnell Brain Imaging Centre (http://www.bic.mni.
mcgill.ca/software) at the Montreal Neurological Institute
(Montreal, Canada). A single, average MRI reference space
was generated using all 86 scans following the methods of
Kovacevic et al. (Kovacevic et al., 2005). A representative scan
was chosen as the prior model for initializing the reference
model creation algorithm. The brain region of the representa-
tive scan was manually outlined using the Display software
package (Montreal Neurological Institute, Montreal, Canada)
yielding a brain mask for our initial model space. This brain
mask was used for all subsequent reference model creation
steps. Briefly, each scan was first registered using a rigid body
(Isq6) transformation to the prior model (Collins et al., 1994).
Next, images were corrected for intensity nonuniformity
artifacts using the N3 algorithm (Sled et al., 1998) with non-
uniformity correction limited to the brain-masked region of the
model. The specific parameters utilized were: distance=8 mm,
FWHM=0.15 mm, number of iterations=100, and number of
runs=_38. Pairwise 12-parameter (Isq12) registrations were then
performed to create an unbiased affine average model of the
entire dataset. This transformation was followed by a series of
nonlinear registration steps, applied in a coarse-to-fine fashion,
with each subsequent step using the best previous model as a
registration target (Collins et al., 1995; Kovacevic et al., 2005).
After concatenating the sequential transformations, the scans
were resampled and averaged, resulting in a population-specific
model. The registration parameters are provided in Table 1.

The resulting deformation field, consisting of 200 um grid
points, was inverted. The linear terms were removed and the
deformation field was centered to the average displacement
across the entire population studied, allowing for the vector
fields to be interpreted in a reference space. After resampling,
the final deformation field provided a nonlinear mapping, T(x),
from reference space to the native space of each scan at every
voxel, x.

Assessment of registration performance

Inaccuracies in reference model creation can occur due to
warping to a finite voxel size (quantization) and imperfect/
suboptimal calculation of the nonlinear transformation. In
order to assess the registration performance of the reference
model creation process, we utilized manual segmentation
data for three neuroanatomical structures (whole brain,
hippocampus, and lateral ventricles) that had been segmented
in the native space of all 86 scans used in the study. The
manual segmentations of these three structures were pro-
vided by AstraZeneca R&D (AstraZeneca, Sodertdlje, Sweden).
The segmentation methods have been described, in detail, by
Lavebratt et al. (Lavebratt et al., 2006) and Oberg et al. (Oberg
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Table 1
Registration schedule

Step FWHM (um) Filter type Grid resolution (um)
1sq6 5000 Gaussian NA
1sq6 2000 Gaussian NA
Isq6 1000 Gradient NA
1sq6 800 Gaussian NA
1sq6 500 Gaussian NA
Isq12 800 Gaussian NA
Isq12 600 Gradient NA
Isq12 400 Gaussian NA
nlinl 800 Gaussian 1000
nlin2 600 Gaussian 800
nlin3 500 Gaussian 700
nlin4 400 Gaussian 600
nlin5 400 Gaussian 400
nlin6 300 Gaussian 400
nlin7 200 Gaussian 300
nlin8 200 Gaussian 200

NA=not applicable.

et al., in press). The manual segmentations of each MRI scan
were run through an iterative loop as follows:

(1) identify forward transformation between native space
and reference space;

(2) apply transformation to native structure segmentation
to obtain a resampled segmentation in reference space.

Avoxel overlap index was then calculated across all scans for
each manually segmented structure. In principle, the reference
space segmentations obtained from each scan should be iden-
tical. However, the aforementioned practical factors, as well as
potential rater variation in the manual segmentation, may cause
a mismatch at the structure border especially for low-dimen-
sional transformations. The voxel overlap index was therefore
assessed at progressively decreasing spatial resolution as follows:

(1) every voxel in reference space was assigned a value be-
tween 0 and 100% (perfect overlap) for a given structure,
corresponding to the proportion of the 86 scans for
which that voxel included that structure;

(2) maximal perfect overlap was defined as the peak num-
ber of voxels exhibiting perfect overlap across all regis-
tration stages;

(3) a voxel overlap metric was computed according to the
method utilized by Spring et al. (Spring et al., 2007),
specifically:

voxels at stage with perfect overlap
voxels at stage with maximal perfect overlap

(1)

voxel overlap =

Adaptive spatial filtering

In order to reduce noise in the deformation maps, we applied
the intensity consistent approach described by Studholme et al.
(Studholme et al., 2003; Studholme et al., 2004). This anisotropic
filter was selected over more traditional Gaussian smoothing
methods since it is edge-preserving and, thus, better respects
anatomical boundaries. Briefly, this algorithm performs a
Gaussian blur, f{k), at each voxel, x, of the associated defor-
mation field, where the contribution of each kernel neighbor, k €
K, depends on the MR intensity-based statistical relationship, px
(x,x-Kk) between x and its relative neighbor x-k. The value of py
(xx-k) was computed from an estimate of the conditional
probability of the average and individual subject scan intensity

within the local neighborhood, K (Studholme et al., 2003). The
filtering equation can be formalized as

T = ot [ Tk f(k)- palx x-k) - di o)
e( )kEK

In order to account for the variable contribution of
neighbors at each voxel,

0x) = | Fl): pulx.xK)- dk )
keK

was computed and used to normalize the local volume. A
kernel width of 1.0 mm was used for filtering.

Computation of the Jacobian determinant

In order to examine the local volume change in each subject,
the Jacobian determinant (or simply the Jacobian), J(x), for
each vector, T(x), in the filtered deformation field was
computed at every voxel (Chung et al., 2001; Janke et al.,
2001). This metric has been shown to provide a simple and
direct means of determining local, voxelwise expansion or
compression relative to the reference space. Global effects of
size were reintroduced at every voxel by multiplying the local
Jacobian by the scale term associated with the spatial linear
normalization of each image to the reference space. The scaled
Jacobian was log-transformed in order to better approximate a
symmetric normal distribution, thereby permitting the use of a
mixed-effects model.

Longitudinal statistical analysis of the voxelwise Jacobian

In order to characterize the local trajectory of change,
mixed-effects models were tested at every voxel within the
brain from the filtered, Jacobian maps. Mixed-effect models
extend standard linear models by adding an additional error
term that corresponds to the variable intercept for each subject
in a longitudinal dataset with no requirement of balance in the
data (i.e. it is not necessary for all mice to have the same
number of scans) (Pinheiro and Bates, 2002). The nature of the
Jacobian's relationship with age was modeled as a sum of fixed
and linear components, and different polynomial models were
evaluated for the developmental trajectory. Interactions with
genotype and sex were assessed, and to account for within-
subject dependencies, random effects for both intercept and
slope for each individual were tested. For this analysis, age was
centered to the mean age of the population. Finally, mixed-
effects models were compared using voxelwise likelihood ratio
tests, and the simpler model was chosen whenever it was
found to explain most of the variance.

The resulting statistical maps were corrected for multiple
comparisons using the false discovery rate (FDR) procedure
with g=0.05 (Genovese et al., 2002). A single FDR threshold
was determined by pooling the uncorrected P-values across all
effects and all voxels tested. By taking into account the degrees
of freedom for a given statistical test, a t-value threshold for
each statistical map was computed from the FDR-determined
P-value. Regions of significant group-dependent deformation
were reported with the aid of a mouse atlas (Paxinos and
Franklin, 2001). All statistical analyses were performed using
the R software package (www.r-project.org) in conjunction
with the nlme and RMINC libraries.
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Fig. 1. Pipeline results for successive stages of reference creation. (a) Average and standard deviation images of the same transverse slice at successive stages of registration. (b) Plots of
performance (quantified as voxel overlap) versus registration step for each manually segmented scan. Note that the performance of the algorithm is seen to plateau after the sixth

nonlinear registration step.

Relationship between DBM results and conventional manual
volumetry

In order to examine the relationship between the auto-
mated results from DBM and manual volumetric analyses, we
studied the longitudinal patterns of change in manual
segmentations of whole brain, hippocampus, and lateral
ventricles using mixed-model regression. We evaluated
registration performance across all 86 subjects studied. These
segmentations were used to assess the same mixed-effects
components as in the longitudinal statistical analysis for DBM.

We examined the relationship between an automated
measure of volume computed from the nonlinear transforma-
tions and the manually segmented volumes for all 86 scans.
The volume of interest for each structure was derived from the
probabilistic average of all individual manual segmentations,
thresholding the 3D probability map at 50% and manually
correcting the borders. Subsequently, these reference masks
for each structure were transformed back into the native space
of each scan using the previously computed nonlinear
transformations, thereby providing an automated estimate
of the actual volume. The correlation between the automated
volume and the manually segmented volume for each scan
and structure was then determined.

Results
Reference model and nonlinear registration

Prior to the DBM analysis, the quality of registration was
assessed in order to ensure that reference creation had been
properly performed. Fig. 1a depicts the qualitative improve-
ments that can be observed over the course of reference
model creation. The variability of neuroanatomical features
decreased with pipeline progression, particularly in white
matter structures (e.g. the cerebellar and dorsal hippocampal
commissures), and the ventricles. The extra-axial tissues
remained highly variable since they were excluded from the
registration steps. Fig. 1b shows the quantitative improvement
using our voxel overlap metric. Improvements were observed
to plateau following six generations of nonlinear registration.

Results of longitudinal DBM analysis

The voxelwise, log-transformed Jacobian provides a biolo-
gically interpretable measure of local volumetric expansion
(>0) or compression (<0) relative to the reference space.
Mixed-effects models were tested and compared across all
voxels in the brain using ANOVA. We tested main effects of

Table 2 Table 3
Main effects of genotype Interactions between age and genotype
Region Symmetry £ t-value [ Region Symmetry f33 t-value f33
greater in greater in
Primary somatosensory cortex (jaw region) right 0.088 493 WT Lateral entorhinal cortex left 0.057 393 WT
Primary somatosensory cortex (barrel field) bilateral 0.126 5.11 WT Retrosplenial granular b cortex medial 0.049 3775 WT
Retrosplenial and cingulate cortex medial 0.155 6.58 WT Hippocampus: CA3 and GrDG bilateral 0030 395 WT
Piriform cortex left 0100 503 WT Flocculus/Paraflocculus bilateral 0.028 344 WT
Olfactory bulb bilateral 0.126 6.07 WT Primary somatosensory cortex (jaw region) bilateral -0.016 -388 TG
Paraflocculus bilateral 0.116 487 WT Primary somatosensory cortex (barrel field) left -0.026 -4.09 TG
Anterior commissure bilateral 0.146 583 WT Retrosplenial and cingulate cortex right -0.016 -3.56 TG
Corpus callosum bilateral 0.172 620 WT Piriform cortex bilateral -0.015 -5.02 TG
Cingulum/Dorsal hippocampal commissure  bilateral 0.191 569 WT Dorsolateral hippocampus (CA1 to CA2) bilateral -0.032 -494 TG
Cerebellar commissure bilateral 0.181 531 WT Septofimbrial and septal nucleus left -0.017 -6.06 TG
Bed nucleus of stria terminalis bilateral -0170 -821 TG Lateral globus pallidus right -0.024 -433 TG
Dorsal superior colliculus bilateral -0.116 -5.68 TG Ventral posterolateral thalamic nucleus left -0.012 -412 TG
Dorsal periaqueductal gray matter bilateral -0.062 -356 TG Medial vestibular nucleus bilateral -0.010 -4.02 TG
Stria terminalis bilateral -0175 -439 TG Cingulum/Dorsal hippocampal commissure  left -0.041 -643 TG
Brachium of superior colliculus bilateral -0.097 -366 TG Cerebellar commissure right -0.022 -476 TG
Lateral ventricles bilateral -0137 -597 TG Lateral ventricles bilateral -0.017 -467 TG
Third ventricle medial -0.103 -3.52 TG Third ventricle medial -0.018 -449 TG

P =fixed-effect for genotype.

Bs=interaction between age and genotype.
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Fig. 2. Statistical maps demonstrating local volume differences between TG and WT populations. (a) The positions of representative slices throughout the reference space are marked
with dashed lines in a mid-sagittal slice for the coronal sections (A-E) and a mid-transverse slice for the sagittal sections (F-J). (b) Regions demonstrating volumetric differences due to
genotype across all timepoints. Volumetric expansion and reduction in TG versus WT are shown in green and red, respectively. (c) Regions demonstrating dynamic interactions
between age and genotype. Positive and negative interactions are shown in green and red, respectively. All coloured regions are statistically significant by pooled FDR (q=0.05).

gender, as well as interactions of gender with age and genotype.  model included fixed-effects for genotype (3;), age (3), and the
However, the inclusion of these terms did not result in any  interaction of genotype with age (33), as well as a random
significant effects in the analysis. As such, the final statistical  intercept to account for within-subject variability (b;). This

a) b) c)
Dentate Gyrus Dorsal CA1 Dorsal Hippocampal Commissure
TG WT TG WT

Scaled Log Jacobian
Scaled Log Jacobian
Scaled Log Jacobian

& 6 8 4 6 8 a4 6 8 ¢ 6 8
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Fig. 3. Dynamic longitudinal changes illustrated within the hippocampus using the local scaled Jacobian. The voxelwise scaled Jacobians are plotted as open circles. The final
predicted model, represented by a thick solid line, includes only significant components of the mixed-effects model, and individual trajectories are connected by thin solid lines.
Regions in (a) the left lateral dentate gyrus, (b) the right dorsal hippocampus within CA1, and (c) the left dorsal hippocampal commissure are shown.



24 J.C. Lau et al. / Neurolmage 42 (2008) 19-27

a) b)

Lateral Entorhinal Cortex

Lateral Ventricles

Bed Nucleus of Stria Terminalis

TG

Scaled Log Jacobian
Scaled Log Jacobian

6 8

4 6 6 8

Fig. 4. Dynamic longitudinal changes illustrated for several regions throughout the brain. The voxelwise scaled Jacobians are plotted as open circles. The final predicted model,
represented by a thick solid line, includes only significant components of the mixed-effects model, and individual trajectories are connected by thin solid lines. Regions of (a) the left
lateral entorhinal cortex, (b) the lateral ventricles, and (c) the bed nucleus of the stria terminalis are shown.

simple model was found to be as robust as more complicated
models (e.g. modeling both slope and intercept as random
effects). Thus, for each subject i, the model evaluated was

Ji(X) = By + b; + B; x genotype + 3, x age + 33 x age
x genotype + e (4)

where 3y represents the intercept term and ¢ is the residual
error in the model. The results from the analysis showed
significant patterns of local shape change that can be described
on the basis of these underlying model components. Each
component provides different information about local shape
change. A significant age term is an indicator of local volume
growth or loss with genotype effects removed. A significant
genotype term indicates regions demonstrating inherent
genetic differences between groups, in particular, where WT is
larger than TG (reduction) and where TG is larger than WT
(expansion) with age effects removed. Finally, a significant
interaction between genotype and age signifies a region affected

differently by aging in each groups. This interaction component
is dependent on the values of both the age and genotype terms,
and, thus, the direction of change was interpreted on a region-
by-region basis.

Significant growth for both groups of animals was detected
throughout the brain, particularly in the hippocampus,
olfactory bulbs, thalamus, cerebellar commissure, ventricles,
and white matter tracts (e.g. anterior commissure and corpus
callosum). Significant volume reduction was noted in several
cortical regions (entorhinal, piriform, somatosensory), as well
as in the caudate.

Neuroanatomical regions displaying significant genetic
differences in volume are summarized in Table 2 for simple
differences related to genotype and Table 3 for more complex,
dynamic interactions between age and genotype. No interac-
tions with sex were observed in the population studied.
Representative regions of significant morphological change or
difference are shown in Fig. 2. The dynamics of longitudinal
change are illustrated using voxelwise regression plots at

a) b) c)
Whole Brain Hippocampus Lateral Ventricles
TG WT TG WT TG WT
20
0.6
o 540 — —
E E E
E s20 E E
9] g o 18 o 05
5 500 g 5
[=] o [=]
= = 504
T T e T
2 2 2
g 4601 g g 03
407 14 0.2

& 8 4 6 8 4 6
Age (months)

Age (months)

4 6 8 4 6 8 4
Age (months)

Fig. 5. Mixed-effects regression plots in three manually segmented neuroanatomical volumes: (a) whole brain, (b) hippocampus, and (c) lateral ventricles. The raw datapoints are
plotted as open circles. The final predicted curve is represented by a solid line, and individual trajectories are connected by thin solid lines.
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Fig. 6. Correlation between automated and conventional manual segmentations of (a) whole brain, (b) hippocampus, and (c) lateral ventricles.

specific, significant individual voxels of the hippocampus and
other brain structures (entorhinal cortex, lateral ventricles, bed
nucleus of the stria terminalis) in Figs. 3 and 4, respectively.

Longitudinal findings from manual segmentations

While Figs. 3 and 4 demonstrate the results of the automated
voxel-based analysis, we also assessed the temporal dynamics
for larger structures using the manual segmentation data. The
best-fit, mixed-effects regression plots for each of the manually
segmented structures, specifically whole brain, hippocampus
and lateral ventricles, are shown in Fig. 5. All three structures
exhibited significant linear growth (P<0.0001).

Differences due to genotype (TG versus WT) were found in
all three manually segmented structures. In TG mice, whole
brain and hippocampus demonstrated reduced volume, while
the lateral ventricles showed enlarged volume relative to WT.
Significant interactions between age and genotype compo-
nents in the hippocampus and lateral ventricles, and marginal
interactions in the whole brain measure (P=0.054) suggested
an additional dynamic difference between groups that varied
with age.

Correlation between automated and manually
segmented meastures

The correlation plots between the automated and manually
segmented volumes for whole brain (r=0.97; P<0.0001),
hippocampus (r=0.86; P<0.0001) and lateral ventricles
(r=0.72; P<0.0001) are shown in Fig. 6. While still highly
significant, the lateral ventricles demonstrated the greatest
variability in the correlation plot (Fig. 6¢).

Discussion

In this work, we have examined morphological changes
and differences in a longitudinal anatomical MRI study of TG
APP/PS1 mice and WT littermates using DBM. The analysis
was performed using a unified, population-specific reference
space and mixed-effects modeling to allow for a voxelwise
study of the distribution of age-related volumetric changes
and regional differences related to genotype (i.e. TG vs. WT).

We found strong, positive correlations between results
computed using our automated methods and manual segmen-

tation/volumetry in selected anatomical structures for all 86
scans (see Fig. 6). However, small offsets are evident in Figs. 6b
and ¢, indicating a systematic bias inherent in the automated
method. Not surprisingly, this bias becomes more evident as
the size of the segmented structure decreases, with the greatest
deviations observed in the lateral ventricles (see numerical
scales on the axes of the plots in Fig. 6). Nevertheless, the highly
significant correlation analysis (P<0.0001) justifies the use of
reproducible, automated segmentation rather than manual
approaches that suffer from intra-/inter-rater variability.

While a range of different longitudinal patterns were ob-
served throughout the brain, emphasizing the heterogeneous
nature of neuroanatomical changes, a number of distinct patterns
identified in this study were particularly interesting. Growth
with age was identified in the hippocampus, olfactory bulbs,
thalamus, ventricles, cerebellar commissure, and white matter
tracts in both TG and WT groups. On the other hand, age-related
volume loss was identified in the lateral entorhinal, piriform, and
somatosensory cortices, as well as the caudate nucleus.

A number of expected and unexpected findings were
discovered upon examining genotypic differences. Volume
reduction was observed in the cingulate, retrosplenial, and
primary somatosensory cortices of TG mice relative to their WT
littermates. Substantial 3-amyloid pathology has been shown
in these regions in both TG AD mouse models (Trinchese et al.,
2004; Delatour et al., 2006; Oberg et al., in press) and human AD
patients (Braak and Braak, 1991). Reduced volumes were also
noted in the olfactory bulb and piriform cortex of TG mice. This
finding is supported by previous observations of olfactory
dysfunction in AD patients (Thompson et al., 1998; Attems et al.,
2005), and in the Tg2576 APP mouse model of AD (Smith et al.,
2007). Several white matter tracts, particularly the anterior
commissure, corpus callosum, internal capsule, and dorsal
hippocampal commissure, also showed localized reductions in
size in TG mice relative to their WT counterparts. Develop-
mental abnormalities in the fiber connections may help to
interpret the anatomical underpinnings of cognitive impair-
ment in the studied TG model (Howlett et al., 2004; Trinchese
et al., 2004). Volume reduction was also observed in the
cerebellar paraflocculus and regions of the cerebellar commis-
sure in the TG group. While the cerebellum generally remains
unaffected in AD patients, the development of AD pathology in
the cerebellum has been reported in early-onset patients with
PS1 mutations (Larner and Doran, 2006).
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Several neuroanatomical regions demonstrated volume
expansion in TG mice, such as the lateral and third ventricles.
Enlargement of these particular regions has been observed in
volumetric studies of this transgenic murine model (Delatour et
al.,, 2006; Oberg et al., in press). In brain parenchyma, the bed
nuclei of the stria terminalis, as well as the dorsal superior
colliculus and periaqueductal gray of the brain stem, also
demonstrated relative enlargement in the TG group. Interest-
ingly, hypertrophy of the bed nuclei has been observed in
studies of late-stage AD patients due to enlargement of galanin-
containing fibres within the cholinergic basal forebrain
(Mufson et al., 1993), while extensive plaque deposition in the
brain stem has also been previously reported (Iseki et al., 1989).

By examining the interaction term between genotype and
age, we were able to elucidate regions with differences in aging
between TG and WT groups. As previously mentioned, these
dynamic effects are dependent on both the local value of the
age and genotype terms and, therefore, must be interpreted on
a region-by-region basis. For example, a significant positive
effect was observed in a focal portion of the left entorhinal
cortex in WT versus TG. Detailed examination revealed relative
volume growth with age in WT mice, while no change was
detected in the same region of TG animals (Fig. 4a). Regions
within the retrosplenial granular cortex, ventrolateral hippo-
campus, and flocculus demonstrated age-related growth in WT
mice, while we observed volumetric decline, in TG mice. With
the exception of the flocculus, these regions are all known to be
affected in the progression of disease in humans (Braak and
Braak, 1991; Lerch et al., 2005) and mouse models of AD (Hsia
et al., 1999; Reilly et al., 2003; Palop et al., 2005).

The primary somatosensory, retrosplenial, cingulate, and
piriform cortical regions exhibited smaller baseline volumes
in the TG mice compared to WT mice, but were shown to
increase in volume over the age range studied. This finding
suggests that a process of delayed development had occurred
and concurs with the hypothesis proposed by Delatour et al.
(Delatour et al., 2006) describing a process of interrupted
normal growth in TG mice in certain brain regions. Given that
the mutant APP transgene is constitutively expressed, it is
not surprising that phenotypic differences are evident at a
young age.

Interestingly, there was a lack of general atrophy in TG mice
relative to their WT littermates aside from a few very focal
regions within the dorsolateral hippocampus, retrosplenial
cortex, and cerebellum. Instead, most of the anatomical differ-
ences appeared to result from a developmental, rather than a
degenerative, process. These results, of course, require rigorous
correlation with microscopic/molecular studies to better
understand the neuropathological changes underlying these
gross morphological changes.

In this study, mixed-effects analysis was limited to the
application of a single statistical model across all brain voxels.
Based on the plots of individual trajectories in Figs. 3 and 4, it
is apparent that a linear model may not be optimal for all
cases. However, given the relatively small sample size of this
study, we have been cautious in model selection in order to
avoid over-interpreting the data using insufficiently powered
higher-order models. Future studies with larger sample sizes
and the inclusion of later timepoints may employ modeling
with higher-order, curvilinear components. For example, a
step-down model selection algorithm, where each voxel
would be fit with the polynomial mixed-effects model that
best explains the variance, may allow for more detailed

characterization of developmental trajectories (Shaw et al.,
2007). We originally tested for main effects of gender, as well
as interactions of gender with age and genotype. However, the
inclusion of these terms did not result in any significant effects
in the analysis. These terms were, therefore, removed in favour
of a simpler model omitting gender as a covariate (see Eq. (4)).
While gender-related dimorphisms in murine neuroanatomy
have previously been reported using DBM (Spring et al., 2007),
this study used ex vivo images with a 32 pum isotropic
resolution. At this high spatial resolution, regional analyses
were able to reveal distortions/movements between 30-
180 um. Given the lower resolution of our in vivo scans
(156 um isotropic), it is unlikely that the subtle effects of
gender would influence our data, a conclusion which is
supported by the lack of any significant effects of gender in
our analysis.

In summary, our results support the utility of longitudinal
DBM for the study of in vivo multiple timepoint datasets
involving mouse models of AD in an automated and
exploratory fashion. We were able to identify interesting
growth differences between transgenic APP/PS1 AD mice and
their wild-type littermates with strong, supporting patho-
physiological interpretations. The seamless combination of
morphological data obtained from this technique with
complementary studies including functional MRI (fMRI),
positron emission tomography (PET), quantitative immuno-
histochemistry, as well as cognitive performance testing,
should allow for an improved understanding of complex
neuropathological changes and their consequences in multi-
ple diseases of the central nervous system.
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