
Magnetic Resonance Imaging 34 (2016) 980–989

Contents lists available at ScienceDirect

Magnetic Resonance Imaging

j ourna l homepage: www.mr i journa l .com
Original contribution
Morphological asymmetries of mouse brain assessed by geometric

morphometric analysis of MRI data
Jimena Barbeito-Andrés a,⁎, Valeria Bernal b, Paula N. Gonzalez a

a IGEVET - Instituto de Genética Veterinaria ‘Ing. Fernando N. Dulout’ (UNLP-CONICET LA PLATA), Facultad de Cs. Veterinarias UNLP, La Plata, Buenos Aires, Argentina
b División Antropología, Facultad de Ciencias Naturales y Museo, Universidad Nacional de La Plata, CONICET, La Plata, Buenos Aires, Argentina
⁎ Corresponding author at: Instituto de Genética Ve
(1900) La Plata, Buenos Aires, Argentina. Tel.: +54 9 2
423 6663x422.

E-mail addresses: jbarbeito@igevet.gob.ar, barbeito@
(J. Barbeito-Andrés).

http://dx.doi.org/10.1016/j.mri.2016.04.006
0730-725X/© 2016 Elsevier Inc. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 7 March 2016
Accepted 17 April 2016

Keywords:
MicroMRI
Landmarks and semilandmarks
Procrustes ANOVA
Shape asymmetry
Hippocampus
Mammalian brain has repeated structures at both sides of the median plane, although some asymmetries
have been described even under normal conditions. Characterizing normal patterns of asymmetry in
mouse brain is important to recognize features that depart from expected ranges in the most widely used
mammalian model. Analyses on brain morphology based on magnetic resonance image (MRI) have largely
focused on volumes while less is known about shape asymmetry. We introduce a flexible protocol based on
geometric morphometrics to assess patterns of asymmetry in shape and size of mouse brain from
microMRI scans. After systematic digitization of landmarks and semilandmarks, we combine multivariate
methods for statistical analyses with visualization tools to display the results. No preliminary treatment of
the images (e.g. space normalization) is needed to collect data on MRI slices and visual representations
improve the interpretation of the results. Results indicated that the protocol is highly repeatable.
Asymmetry was more evident for shape than for size. Particularly, fluctuating asymmetry accounted for
more variation than directional asymmetry in all brain regions. Since this approach can detect subtle shape
variation between sides, it is a promising methodology to explore morphological changes in the brain of
model organisms and can be applied in future studies addressing the effect of genetic and environmental
factors on brain morphology.
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1. Introduction

Anatomical asymmetries across the sagittal plane in cortical and
subcortical regions are a conserved feature of the mammalian brain
[1]. Such structural differences between left and right sides of the
brain, as well as functional bilateral specializations, originate in the
normal course of individual ontogeny under the regulation of several
factors, ranging from genetic and physiological to environmental
ones [2,3]. In humans, the patterns of macrostructural brain
asymmetry have been well studied mainly in relation to behavioral
outputs, such as language and handedness, as well as to neuropath-
ological disorders [4]. However, the mechanisms underlying the
origin and maintenance of these patterns are still largely unknown.
An effective way to address these questions is through the use of
animal models for which the effect of internal and external factors
can be tested experimentally under controlled conditions [2,5].
A necessary first step for studying brain asymmetries is to obtain
a detailed picture of normal specimens that can serve as a baseline
for comparisons and thus, to recognize features that depart from
expected ranges. The characterization of normal variation in the
mouse brain is particularly valuable since this is the most widely
used model for mammals. Even though the improvement of
microMRI for small animals makes now possible to quantify multiple
structures in large samples, to the best of our knowledge, only one
study by Spring and collaborators [6] assessed right–left asymme-
tries in structures of the mouse brain using MRI. On the basis of
voxel-based analyses, these authors found significant differences in
size in some specific areas of the neocortex and subcortical
structures.

From a methodological point of view, studies of brain structures
based on MRI have mainly focused on the volumetric assessment of
anatomical regions of interest (ROIs) [7–10]. This approach offers
general estimations of size that are of great interest but that capture
partial information of morphological traits since shape (the relative
size and spatial position of traits) is also an important dimension that
may vary across the brains and, therefore, requires a proper
quantification [11]. Recently, Parnell and collaborators [12] have
stressed the need of alternative analyses of brainmorphology as they
found significant shape differences in regions where volumes
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remained similar. In this context, geometric morphometrics based
on Cartesian coordinates of points might result useful and advan-
tageous over volumetric analyses. Geometric morphometrics com-
bines morphometric and multivariate statistical techniques with the
aim of preserving the geometry of configurations and, therefore,
provides a comprehensive description of shape aspects [13]. Because
within this approach shape and size can be analyzed independently,
it is possible to assess whether these two morphological properties
display different patterns under normal and perturbed conditions.

While geometric morphometrics has been applied to the study of
different anatomical structures (especially skeletal traits), very few
studies have assessed brain shape with this morphometric approach.
The first applications of landmark-based analyses were carried out in
samples of human brains to characterize general trends of normal
morphological variation [14,15] and shape changes in the corpus
callosum in human patients that had undergone fetal alcohol
syndrome during their development [16,17]. In the field of
paleoneurology several studies have used these morphometric
toolbox to analyze hominoid endocasts, which are virtually built
templates of internal neurocranial surface and are extensively used
as a proxy of the brain [18–21]. More recently, landmark-based
techniques have been used within a comparative framework to
assess questions related to shape variation, asymmetry and
modularity in humans and apes [22–24]. Nevertheless, there is still
limited knowledge on the variation in shape of subcortical structures
and brain shape in organisms other than humans and great apes. The
availability of MRI scanners for small animals has opened a wide
range of possibilities for the study of model organisms such as the
mouse. However, landmark-based analyses of mouse brain shape
using images obtained from MRI are still lacking (for an exception,
see Sergejeva et al. [25]).

In this study, we develop a protocol that can be easily applied to
images of mouse brains obtained with different combination of MRI
parameters (e.g. matrix size, FOV, resolution). Specifically, we
applied geometric morphometrics to point coordinates digitized on
MRI to characterize normal patterns of morphological asymmetry in
cortical and subcortical structures. Patterns of asymmetry were
assessed in the brain as a whole as well as in eight representative
substructures (cerebellum, fimbria, basal forebrain septum, olfactory
bulbs, thalamus, hypothalamus, hippocampus, neocortex) by digi-
tizing coordinates of landmarks in anatomical traits along with
points that describe contours in the ROIs. These variables allow a
detailed description of structural variation and provide relevant and
complementary information to that obtained by volumetric and
voxel-based techniques. Overall, our results will contribute to a
Fig. 1. Location of A–H planes used to digitize the landmarks and semilandmarks. The A–H p
defining their location (right). The slice used as reference is orthogonal to transversal and
define each plane, a transversal (horizontal) plane was first located on the flat dorsal surfac
defined along antero–posterior axis as orthogonal to the transversal plane and H plane
corresponding slices are shown in Fig. 2.
deeper knowledge of normal variation in mouse brain, which is
essential for upcoming studies that evaluate the effect of induced
perturbations as deviations from a reference brain.

2. Material and methods

2.1. Sample

Brain MRIs of seven healthy adult C57BL/6J mice were obtained
from MRM NeAt-Mouse Brain Dataset from the National High
Magnetic Field Laboratory, FSU-UF-LANL, freely available at http://
brainatlas.mbi.ufl.edu/. All specimens were male with 12 weeks of
age. The analyses were performed on T2*-weight in vitro images
with an isotropic resolution of 47μm, obtained with a 17.6T magnet
at the University of Florida, Gainesville, FL, USA. More details about
acquisition parameters are described elsewhere [26].

2.2. Morphometric data

To describe the shape of brain structures we digitized 3D
coordinates of discrete anatomical points recognized at the same
location in all specimens and coordinates of points describing curves
(known as landmarks and semilandmarks, respectively) on selected
MRI slices. Some 3D coordinates describe unpaired median traits
while others correspond to paired structures at both sides of the
sagittal plane.

For coordinates acquisition, first a transversal plane was defined
using the flat dorsal surface of the brain as a reference. Taking into
account this transversal or horizontal plane, an antero–posterior
plane was defined orthogonal to the first one. This antero–posterior
plane goes through the most anterior point of the left olfactory bulb
(Fig. 1, right box). This antero–posterior plane is taken as a reference
to define those planes where coordinates are digitized (Fig. 1, planes
A–H). Planes A–H are located orthogonally to the referential antero–
posterior plane and are defined in Table 1. Paxinos and Franklin atlas
[27] was taken as the main reference to define the orientation of the
planes of this protocol.

Landmarks and semilandmarks were digitized on A–H planes as
shown in Fig. 2. By digitizing coordinates on these slices, the protocol
we designed allow us to analyze not only cortical structures but also
subcortical regions (e.g. hippocampus, thalamus, hypothalamus) that
would be unreachable using coordinates on the outer surface of the
brain. In addition, although coordinates are digitized on planes that
lack themselvesof three-dimensional nature, the useof several coronal
slices at different locations along antero–posterior and the transversal
lanes are shown on the surface of the brain (left) and on the slice used as reference fo
coronal planes and passes through the most anterior point of the olfactory bulbs. To
e of the brain, following Paxinos and Franklin (2001). Then, coronal planes (A–G) were
was parallel to it. The definition of each plane (A–H) is available in Table 1 and the
r

http://brainatlas.mbi.ufl.edu
http://brainatlas.mbi.ufl.edu


Table 1
Definition of planes for digitization of coordinates of landmarks and semilandmarks

Plane Definition⁎

A Coronal middle plane in the olfactory bulbs.⁎⁎

B Coronal plane defined in the middle of between the anterior limit of the
cortex and the posterior limit of olfactory bulbs.⁎⁎

C Coronal plane placed in the most anterior point of the striatum.
D Coronal plane placed in the most anterior point of the thalamus.
E Coronal middle plane in the hippocampus.⁎⁎

F Coronal plane placed in the most posterior point of the hippocampus.
G Coronal middle plane in the cerebellum.⁎⁎

H Transversal plane placed just under the hippocampus.

⁎ Planes are defined on the antero–posterior view shown in Fig. 1.
⁎⁎ Middle planes of brain regions are defined here by counting the number of slice
and choosing the middle plane in the counting.
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.

s

axes gives the opportunity to describe spatial relations between
particular regions and the brain as a whole under a 3D frame.

The semilandmarks were placed along curves or contours
homologous across specimens with no restriction about the corre-
spondence of the anatomical locationof eachpointbetween specimens
[17]. Thus, they are especially suitable for quantifying structures with
few discrete anatomical points, such as the mouse brain.
2.3. Observer repeatability

Morphometric studies are usually based on variables that are
collected manually by one or different observers. Therefore, the
repeatability of these measurements varies to certain degree
depending on the experience of the researcher, the precision of the
device used, the morphological variability of the structure under
study and other conditions [28]. Evaluating whether measurements
from the same set of objects are consistently obtained at different
events of collection is a necessary step to validate the procedure and
the resulting data.

Here, in order to estimate the repeatability in the placement of
landmark coordinates on MRI slices, the set of points was digitized
on the seven specimens in two events temporally spaced by two
weeks. Through these analyses, it is possible to evaluate not only the
repeatability in the placement of landmarks but also in the
orientation and definition of the planes.

The values for each coordinate (x,y,z) in both series were
compared using the intra-class correlation coefficient (ICC) [29]
and repeated measure ANOVA (ANOVA-RM) [30]. The ICC is a
statistical test commonly used to determine the reproducibility of a
measurement. This correlation is based on variance components
analysis andmeasures the homogeneity within groups relative to the
total variation. ANOVA-MR is adequate to test the equality of means
when the data violate the assumption of independence [31].
Additionally, a Euclidean or linear distance was calculated between
both measurements of each landmark to obtain an estimation of the
magnitude of the difference in separate events of digitization. Also,
the whole sets of coordinates obtained in both series were used to
perform a principal component analysis (PCA) that reduces the
dimensionality of variables. After plotting the distribution of
specimens of both series along main components derived from
PCA, it is possible to estimate the precision in relation to sample
variability [32].

Note that only the landmarks (n=130) were used to evaluate the
repeatability in the digitization of coordinates. As semilandmarks do
not share correspondence of the anatomical locations among
specimens and they undergo a particular treatment (see Section 2.4),
an assessment of congruence between events of digitization is
pointless.
2.4. Assessing the magnitude and pattern of asymmetry

The configurations of landmarks and semilandmarks of all
specimens were aligned to a common coordinate system by a
least-squares Generalized Procrustes Analysis. This procedure
translates the specimens to a common origin, scales them to unit
centroid size (CS), and rotates the landmark configurations by
minimizing the total sum of squared deviations of every landmark
configuration from the mean configuration [33]. Because the points
digitized along curves (semilandmarks) are not homologous from
specimen to specimen, an extension of the standard Procrustes
superimposition procedure is used to slide semilandmarks along
their respective curves [17]. In addition to translating, scaling, and
rotating landmarks optimally, semilandmark points are allowed to
slide along their curves so as to minimize the Procrustes distance
(approximated by the Euclidean distance between the sets of point
coordinates) between each specimen and the average shape [17,34].
The resulting coordinates of superimposed landmarks and semiland-
marks are referred to as shape coordinates as they only contain
information about the shape of the configurations. Generalized
Procrustes Analysis and sliding of semilandmarks were done with
Morpho package in R software [35].

For structures displaying repeated traits at both sides of the sagittal
plane, such as the brain and its internal sub-structures, the following
procedure can be used to estimate the symmetric and asymmetric
components of shape: 1) each configuration of points is reflected by
reversing the signs of one of the coordinates of each landmark (x, y or
z); 2) the labels of corresponding paired points are exchanged so that
each paired landmark obtains the label of its counterpart; 3) the
original and reflected configurations of the sample are combined and
superimposed by a least-squares Procrustes analysis; 4) a symmetric
component of shape of each specimen is estimated as the average
between the original and reflected configuration. In this average
configuration, all the unpaired landmarks fall on a plane, which is an
estimate of the median plane; 5) the difference between the original
and the symmetric configuration is taken as a measure of individual
asymmetry [36,37]. When semilandmarks are used to describe the
anatomical traits, they need to be slid before computing the
asymmetric configuration in order to remove the effect of the arbitrary
location in this kind of points. Here as semilandmarks were placed on
separate planes, an algorithm for sliding them along their respective
curves was used and they were relaxed against a perfectly symme-
trized average, a procedure that takes into account the introduction of
asymmetries in the process of digitizing [21,35].

Patterns of shape asymmetry were assessed by means of a two-way
MANOVA on the superimposed coordinates configurations (referred to
as Procrustes ANOVA) with the individual and the side as factors. In this
analysis, shape variation is decomposed into variation across individuals
(symmetric component), variation among right and left sides across the
sample (directional asymmetry, DA) and variation due to an
individual-side interaction (fluctuating asymmetry, FA). Briefly, DA
represents the tendencyof amorphological feature todevelopdifferently
on the right and left sides, while FA is usually interpreted as the result of
random imprecisions during development that cause differences
between sides [38]. When repeated measures are taken, this test also
allows one to evaluate whether FA (which is usually very low) is larger
than the error component, which is estimated as the residual variance.

In our data, bilateral and median coordinates were included and
treated as configurations with object symmetry [37]. First, a
Procrustes ANOVA on the set of landmarks (not semilandmarks) of
the whole brain was carried out using the function implemented in
MorphoJ 1.05, freely available at http://www.flywings.org.uk/
morphoj_page.htm [39]. Then, we chose eight representative regions
of the brain and assessed their asymmetry in shape by selecting
those landmarks and semilandmarks that describe each of these

http://www.flywings.org.uk/morphoj_page.htm
http://www.flywings.org.uk/morphoj_page.htm


Fig. 2. Landmarks and semilandmarks digitized on A–H planes. The definition of each plane is available in Table 1.
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regions (Fig. 3). Procrustes ANOVA was carried out, as explained
before, on each region to assess the shape asymmetry in different
brain structures using Geomorph package in R [40].
For those regions where variation due to side or individual-by-side
factors resulted significant, we generated 3D visualizations to depict
the patterns of location of asymmetric variation. Particularly,

image of Fig. 2


Fig. 3. 3D reconstruction of brain regions displaying the position of landmarks and semilandmarks digitized on A–H planes. Whole brain (a), cerebellum (b), fimbria (c), basa
forebrain septum (d), olfactory bulbs (e), thalamus (f), hypothalamus (g), hippocampus (h) and (i) neocortex.
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visualizations (colormaps) of shape changeswereobtainedbywarping
the 3D surface of each segmented region (Fig. 3) with the thin-plate
spline procedure. Both original and target surfaces were kept aligned
with their original axes and their differences were computed using
Hausdorff distances, implemented as a filter in MeshLab (Visual
Computing Lab -ISTI-CNR, http://meshlab.source.forge/). A colormap
representing the differences between shapes was then constructed
using the Color filter in MeshLab.

Finally, to assess size asymmetry we applied a procedure similar
to the recommended for matching symmetry objects, where
centroid size for right and left configurations were obtained
separately and median points were not included [37]. Then, size
differences between sides were evaluated through ANOVA. It is
worth noting that since digitization was carried out twice, as
previously explained, the average of both series for each landmark
was used here.
l

3. Results

3.1. Observer repeatability

Analyses of observer repeatability showed that landmarks were
digitized consistently at different temporal events by the same
observer. Of the 130 landmarks (390 coordinates), only two
coordinates displayed an F value over 5 in the ANOVA-MR and a
coefficient under 0.90 in the ICC. These values, although arbitraries, can
be considered as reliable points to establish which variables were
measured repetitively with a large level of confidence. Additionally,
linear distances between the same landmarks in both events of
measurements were evaluated to show the magnitude of error. The
average differencewas 0.12mm,with a standard deviation of 0.05mm.

While the previous analyses (ANOVA-MR, ICC and Euclidean
distances) analyzed each variable separately, PCA allowed us to

http://meshlab.source.forge
image of Fig. 3


Table 2
Procrustes ANOVA of the whole brain based on the set of landmarks only.

Effect Sum of squares Mean Sum of squares df F p (value)

Individual 0.0808556 6.61E-05 1224 10.88 b0.0001
Side 0.00222841 6.61E-05 179 2.05 b0.0001
Ind * Side 0.00652286 6.07E-06 1074 2.47 b0.0001
Error 0.00659714 2.46E-06 2681

Table 3
Procrustes ANOVA of each region based on landmarks and semilandmarks.

Region Effect df Sum of squa

Cerebellum Individual 336 0.046986
Side 54 0.001638
Ind * Side 324 0.003885
Error 770 0.002069
total 0.054578

Fimbria Individual 132 0.021819
Side 22 0.002316
Ind * Side 132 0.006769
Error 308 0.004899
total 0.035803

Basal forebrain septum Individual 108 0.021980
Side 17 0.000728
Ind * Side 102 0.002926
Error 245 0.003445
total 0.029079

Olfactory bulbs Individual 552 0.081220
Side 87 0.001710
Ind * Side 522 0.007503
Error 1253 0.003258
total 0.093691

Thalamus Individual 102 0.041474
Side 18 0.000789
Ind * Side 108 0.004038
Error 245 0.004808
total 0.051109

Hypothalamus Individual 180 0.098130
Side 29 0.000933
Ind * Side 174 0.004531
Error 413 0.010203
total 0.113797

Hippocampus Individual 438 0.034422
Side 73 0.006774
Ind * Side 438 0.008046
Error 1022 0.005709
total 0.054951

Neocortex Individual 2238 0.024076
Side 364 0.000474
Ind * Side 2184 0.001966
Error 5159 0.001672
total 0.028188
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summarize the main trends of variation and evaluate how reliable
was the digitization process at capturing these tendencies. Here, the
first two PCs accounted for more than the 85% of total variation and
the arrangement along these axes grouped both digitizations of the
same specimens (Supplementary Fig. A1 in the online version at
http://dx.doi.org/10.1016/j.mri.2016.04.006). This indicates that the
ordination of specimens relative to the others was repeated in
different events of measurement and observer error did not
introduce an important effect when describing the most important
features of shape.

3.2. Magnitude and pattern of brain asymmetry

Procrustes ANOVA of the set of landmarks that describe the
whole brain indicated that both DA and FA are significant and the
mean sum of squares of FA was larger than the error represented by
the residuals, suggesting that it is under the magnitude we want to
study and, therefore, the measurement is robust (Table 2). A visual
res
inspection shows that particular brain regions or structures cannot
be properly described using only the landmarks and in the following
analyses both landmarks and semilandmarks are included (Fig. 3).

Results of Procrustes ANOVA for each brain region indicated that
the greatest proportion of shape variation corresponds to the effect
of differences among individuals (Table 3). Depending on the
structure, approximately 61 to 87% of variation was related to the
deviations of specimens' configurations to the mean, while DA
usually accounted for a smaller portion of variation (between 0.820
and 12.327%) and FA ranged between 3.982 and 18.907%. Although
the proportion of FA was largely smaller than variation among
individuals, we found that most of the regions displayed significant
FA (Table 3). In fact, except for the hypothalamus all the analyzed
structures showed significant FA at a level of pb0.0001. For six
regions (cerebellum, fimbria, basal forebrain septum, olfactory bulbs,
thalamus and neocortex) DA was smaller than FA, being significant
(pb0.01) only for the cerebellum, the fimbria, the hippocampus and
the neocortex (Table 3). An overview of the results reveals that
asymmetry was more evident for shape traits of the brain than for
size.

Then, we obtained colormaps showing the patterns of DA and FA
in those regions where variation resulted significant in the ANOVA
Procrustes. Here, reddish colors represent more asymmetry and cold
colors as blue are related to slight differences (Fig. 4). In the
cerebellum, we found that DA ismainly localized in the posterior and
dorsal region while FA is more extended and affected also the part
Mean sum of squares F p (value) % var

1.40E-04 11.66 1.00E-05 86.090
3.03E-05 2.53 2.87E-07 3.001
1.20E-05 4.46 1.00E-05 7.118
2.69E-06 3.791

1.65E-04 3.22 0.00001 60.943
1.05E-04 2.05 0.0068548 6.468
5.13E-05 3.22 0.00001 18.907
1.59E-05 13.682

2.04E-04 7.09 0.00001 75.588
4.28E-05 1.49 0.112191 2.504
2.87E-05 2.04 0.000004 10.062
1.41E-05 11.846

1.47E-04 10.24 0.00001 86.689
1.97E-05 1.37 0.021693 1.825
1.44E-05 5.53 0.00001 8.008
2.60E-06 3.477

0.00040661 10.88 0.00001 81.148
0.00004385 1.17 0.296419 1.544
0.00003739 1.91 0.000021 7.901
0.00001962 9.407

0.00054516 20.94 0.00001 86.233
0.00003217 1.24 0.20358 0.820
0.00002604 1.05 0.33349 3.982
0.00002471 8.966

7.86E-05 4.28 1.00E-05 62.641
9.28E-05 5.05 1.00E-05 12.327
1.84E-05 3.29 1.00E-05 14.642
5.59E-06 10.389

1.08E-05 11.95 1.00E-05 85.412
1.30E-06 1.45 6.37E-07 1.683
9.00E-07 2.78 1.00E-05 6.974
3.24E-07 5.931
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Fig. 4. DA and FA in those regions where significant variation was found. Colormaps represent the localization of asymmetric variation. The colorbar represents the magnitude o
variation, starting from reddish colors for highest variation to blue for areas with the lowest asymmetry. Note that the colormaps were obtained by interpolating the shape
changes captured by landmarks and semilandmarks to the entire surface, and thus, areas without points need to be interpreted with caution. Specific scale factors (SF) were
empirically chosen in each region to illustrate shape variation using a magnitude that make it visible: cerebellum (SF=5), fimbria (SF=2), hippocampus (SF=2), neocortex (SF=
5), thalamus (SF=2), basal forebrain septum (SF=2), olfactory bulbs (SF=5).
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corresponding to the paraflocculus (ventral lateral prominences).
For the fimbria, while DA is confined to some parts of the dorsal side
of the branches that embrace the thalamus, FA is also present in the
main body (proximal) of the fimbria showing a more widespread
pattern. In the hippocampus, both DA and FA show patches
indicating more asymmetry mainly in the dorsal region. For the
f

neocortex, we found a clearly different pattern for each type of
asymmetry; variation due to DA is noticeable in the most anterior
extreme of the structure while FA is evident all along the antero–
posterior axis. Thalamus displays FA especially in its dorsal and
ventral extremes, while the middle regions seems to be unaffected
by this kind of asymmetry. Main asymmetric variation can be seen in

image of Fig. 4
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the basal forebrain septum both in the most ventral and lateral
portion of this structure and in the middle zone (main body). In the
olfactory bulbs, FA is evident in the posterior extremes from a ventral
position and anteriorly in the dorsal surface (Fig. 4).

Size differences between sides of each brain region are shown in
Table 4. In general, all differences were subtle and only for the
hippocampus the F obtained through ANOVA resulted noteworthy
(F=5.48, p=0.0577). For some structures, left side was relatively
larger while for others right is the predominant side, suggesting that
there is no general trend for the whole brain (Table 4).

4. Discussion

In this study, we introduced a morphometric approach to assess
shape and size asymmetries of the mouse brain from microMRI
scans. The pipeline has the following steps: first, digitizing the
coordinates of paired and unpaired landmarks and semilandmarks
that describe the regions of interest on MRI slices; second,
superimpose the original and reflected configurations of points of
all specimens to eliminate differences in location, orientation, and
standardize size; third, extract the symmetric and asymmetric
components of shape variation; and finally, apply multivariate
statistical analyses to assess and visualize shape asymmetry.

Besides being a reliable and repeatable procedure for landmark
and semilandmark extraction, the methodological approach pro-
posed here does not require neither spatial normalization of the MRI
slices to a common space nor previous segmentation of brain
structures to obtain shape data. Recently, shape asymmetries in the
human brain have been assessed by using an alternative procedure
that consists on segmenting structures of interest from previously
normalized MRI slices, reflecting one of the sides to match the other
and then quantifying differences between corresponding left–right
Table 4
Centroid size differences between sides and ANOVA test for size.

Region Difference right–left CS Effect Sum of sq

Cerebellum −0.0001881804 Individual 0.885414
Side 0.001214
Ind * Side 0.398846
total 1.285474

Fimbria −0.0013339257 Individual 0.290060
Side 0.102654
Ind * Side 0.365888
total 0.758602

Basal forebrain septum −0.0005600807 Individual 0.881800
Side 0.024661
Ind * Side 0.096319
total 1.002780

Olfactory bulbs 0.0015544518 Individual 4.620495
Side 0.138241
Ind * Side 0.541406
total 5.300142

Thalamus −0.0001300897 Individual 1.022474
Side 0.002443
Ind * Side 0.039877
total 1.064794

Hypothalamus −0.0001093901 Individual 2.118148
Side 0.000671
Ind * Side 0.011955
total 2.130774

Hippocampus 3.25811565313472E-005 Individual 2.700785
Side 0.210759
Ind * Side 0.230569
total 3.142113

Neocortex 5.33867299860047E-005 Individual 21.865950
Side 0.000138
Ind * Side 0.257013
total 22.123101
coordinates of vertices automatically extracted [41]. The results of
this procedure can be represented to display the local patterns of
shape variation in the studied structures and, consequently, it is an
interesting manner to mark out variation in shape asymmetry.
However, geometric morphometric techniques have some advan-
tages over these procedures because it is not necessary to count with
previous normalizations and segmentations of the images. Here, we
used surfaces extracted from the segmentation of specific regions
only to better illustrate the results of the analyses, but data collection
and analyses do not rely on surfaces derived from segmentations and
the core of this methodological pipeline can be carried out without
them. This is especially important since the process of segmentation
can introduce error or biases in the representation of the structure, in
particular when automatic and semiautomatic methods are applied
instead of manual parcellation, which is taken as the “gold standard”
but is known to be time consuming and expert dependent [42].

In this work, we found differences in the patterns of asymmetric
variation in size and shape features in a sample of normal mouse
brains. Size asymmetry was only noticeable in the hippocampus
while shape asymmetries were significant in most of the studied
regions. In a previous study, Spring et al. [6] found size asymmetries
in restricted areas of the mouse normal brain, being the hippocam-
pus the region with the most significant left–right differences, and
they concluded that beyond some particular regions of the brain the
rest of the structures cannot be considered significantly asymmetric.
More recently, Parnell et al. [12] analyzed the patterns of asymmetry
in volumes of different brain structures and in their shape (using an
alternative method) in a mouse model of prenatal ethanol exposure
and they found that shape asymmetry is significant in several
regions where volumes do not display right–left differences. These
findings are in line with our results, showing that size and shape
asymmetries are not necessarily associated and that processes
uares Mean sum of squares df F p (value) % var

0.147569 6 2.22 0.1773 68.878
0.001214 1 0.02 0.8969 0.094
0.066474 6 2.89 0.0478 31.027

0.048343 6 0.79 0.6074 38.236
0.102654 1 1.68 0.2421 10.265
0.060981 6 3.91 0.0167 48.232

0.146967 6 9.16 0.0082 87.936
0.024661 1 1.54 0.2615 2.459
0.016053 6 2.36 0.0867 9.605

0.770083 6 8.53 0.0098 87.177
0.138241 1 1.53 0.262 2.608
0.090234 6 10.31 0.0002 10.215

0.170412 6 25.64 0.0005 96.026
0.002443 1 0.37 0.5665 0.229
0.006646 6 1.20 0.3612 3.745

0.353025 6 177.18 b .0001 99.407
0.000671 1 0.34 0.5829 0.031
0.001992 6 0.50 0.7987 0.561

0.450131 6 11.71 0.0043 85.954
0.210759 1 5.48 0.0577 6.708
0.038428 6 2.05 0.126 7.338

3.644325 6 85.08 b .0001 98.838
0.000138 1 0.00 0.9565 0.001
0.042835 6 1.04 0.4405 1.162
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underlying both properties might be different. Size asymmetry is
related to differences in the number or the size of cells between
paired morphological structures, while shape asymmetry does not
have a unidirectional link with the number and size of elemental
components but would be also explained by the spatial reconfigura-
tions of elements that change their relative position and sizes in
relation to other traits. Although it is difficult to hypothesize about
the functional and adaptive significance of shape asymmetry [38],
our study highlights the utility of specific shape analyses going
further than traditional volumetric approaches, which only account
for general size differences.

The multivariate statistical methods developed for the analysis of
Cartesian coordinates also allowed us to address hypotheses of shape
asymmetry in the mouse brain. By means of the Procrustes ANOVA
we estimated the apportionment of symmetric and asymmetric (DA
and FA) variation in shape in the eight ROIs. The distribution of
variation corresponding to changes among specimens and asym-
metric changes displayed some differences across brain substruc-
tures (Table 4). Across all substructures DA only accounted for a
modest amount of variation, ranging from 0.82% in the hypothala-
mus to 12.38% in the hippocampus. The limited effect of DA can be
interpreted in terms of the subtle influence of those systematic
developmental processes that result in differences between left and
right sides. On the other hand, FA is the component of asymmetric
variation that contributes the most in the eight substructures, with
the highest values in the hippocampus and fimbria (almost 15 and
19%, respectively). Similar results were reported in a study of
asymmetry in the external surface of the cortex of chimpanzees and
humans, although the primate species displayed higher percentages
of asymmetric variation than the rodent model analyzed here [23].
According to these authors, the high levels of FA that characterized
primate brain can be interpreted in relation to prominent develop-
mental plasticity, an adaptative property with important conse-
quences in behavior and cognition. In this line, the differences in the
asymmetry values between our results and the reported for primates
could be thought in terms of inter-specific variation in their levels of
developmental plasticity.

Beyond assessing the amount and significance of asymmetric
variation, we analyzed the spatial patterns of shape asymmetry in
the structures of interest. Here, visual representations of DA and FA
were useful to capture differences in spatial localization of variation
between both kinds of asymmetry. Therefore, the use of geometric
morphometrics for brain asymmetry studies cannot only capture the
effects of genetic or environmental factors but also where these
effects are located.

Brain asymmetry can be of interest to very different scientific
topics. In particular, experimental works with a biomedical scope
may ask about the effect of different genetic, epigenetic and
environmental factors on these patterns of asymmetry. It has been
experimentally showed that prenatal perturbations such asmaternal
exposure to alcohol [12] and intrauterine growth restriction [43]
might have a differential effect on both sides of the brain. In addition,
several brain pathological disorders have been shown to seriously
modify bilateral patterns (e.g. [41,44,45] and their accurate diagnosis
may be improved if there are methodological tools that can properly
distinguish between normal asymmetries and those that result from
pathological conditions. In other words, it is known that mammal
brain displays bilateral symmetry although it is not perfectly
symmetric, and therefore the detection of perturbed patterns of
asymmetry rely in a proper characterization of normal asymmetry
and the comparison with sensitive methods [46]. In summary, our
results based on geometric morphometrics to study normal variation
in shape asymmetries of the mouse brain can serve as a starting
point for future studies that address different questions of interest in
neuroscience research.
Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.mri.2016.04.006.
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