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Abstract

Sophisticated image analysis methods have been developed for the human brain, but such tools
still need to be adapted and optimized for quantitative small animal imaging. We propose a
framework for quantitative anatomical phenotyping in mouse models of neurological and
psychiatric conditions. The framework encompasses an atlas space, image acquisition protocols,
and software tools to register images into this space. We show that a suite of segmentation tools
(Avants, Epstein et al., 2008) designed for human neuroimaging can be incorporated into a
pipeline for segmenting mouse brain images acquired with multispectral magnetic resonance
imaging (MR) protocols. We present a flexible approach for segmenting such hyperimages,
optimizing registration, and identifying optimal combinations of image channels for particular
structures. Brain imaging with T1, T2* and T2 contrasts yielded accuracy in the range of 83% for
hippocampus and caudate putamen (Hc and CPu), but only 54% in white matter tracts, and 44%
for the ventricles. The addition of diffusion tensor parameter images improved accuracy for large
gray matter structures (by >5%), white matter (10%), and ventricles (15%). The use of Markov
random field segmentation further improved overall accuracy in the C57BL/6 strain by 6%; so
Dice coefficients for Hc and CPu reached 93%, for white matter 79%, for ventricles 68%, and for
substantia nigra 80%. We demonstrate the segmentation pipeline for the widely used C57BL/6
strain, and two test strains (BXD29, APP/TTA). This approach appears promising for
characterizing temporal changes in mouse models of human neurological and psychiatric
conditions, and may provide anatomical constraints for other preclinical imaging, e.g. fMRI and
molecular imaging. This is the first demonstration that multiple MR imaging modalities combined
with multivariate segmentation methods lead to significant improvements in anatomical
segmentation in the mouse brain.
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Introduction

Multiple imaging modalities have been developed to study brain function and the complex
relationships among its structural units, and have spurred interest into building a
connectome, both for humans (Sporns, 2011; Van Essen and Ugurbil, 2012) as well as for
small animal models (Bohland et al., 2009), such as the mouse. Different hardware may be
required to analyze neuronal and vascular circuits at nano (e.g. electron microscopy), or
microstructural resolution (e.g. optical tools and protein markers), and the relationship with
gene expression patterns, or the transcriptome (French and Pavlidis, 2011; Ng et al., 2009).
Such tools focus on discrete brain regions, which later need to be reassembled into a
coherent 3D volume. Magnetic resonance imaging (MRI), in turn, offers the advantage of
preserving large-scale connectivity and undistorted 3D spatial relationships. Sophisticated
methods have been developed for human structural and functional brain image analyses
based on MRI, DTI (Smith et al., 2006), and fMRI (Ashburner and Friston, 2000;Chung et
al., 2010; Dale et al., 1999; Fischl et al., 1999; Friston et al., 1994; Worsley et al., 2009).
These methods can be streamlined into software pipelines, as those built for human brain
studies (Rex et al., 2003; Zijdenbos et al., 2002). However, only limited effort has been
dedicated to small animal brain segmentation.

Among small animals, the mouse is a valuable resource for understanding the brain. Natural
mutations, and interventions using gene targeting (Evans and Kaufman, 1981; Smithies et
al., 1985; Thomas and Capecchi, 1987) provide powerful tools to study genetic diseases.
Such mouse models help understand the etiology of human neurologic and neuropsychiatric
conditions, involving neurodegeneration (Gama Sosa et al., 2012), altered behavior and
connectivity (Patterson, 2011), and provide a platform for developing therapies. But the
methods for small animal imaging are varied. MRI is well suited for brain imaging because
of its excellent soft tissue contrast, three-dimensional, and nondestructive characteristics.
The contrast between structures is considerably different than in the clinical domain, and
image array sizes are often larger, increasing computational demands. A current rate limiter
for high-throughput studies is the availability of automated image analysis tools to deal
efficiently with such images of small animal models.

Since manual segmentation of mouse brain compartments is extremely laborious, especially
in high-resolution MR images (e.g. 1024 x 512 x 512 image arrays), an automated
segmentation method is critical for achieving the throughput required for routine use. To
obtain accurate segmentation high contrast-to-noise ratio images are required. However the
MR scan duration limits resolution for in vivo studies. At the completion of live animal
studies, or as an alternative, one can image fixed specimens — collected at distinct time
points during development, aging, or disease progression. The scan time restrictions being
removed, MRI can provide a variety of image contrasts at microscopic resolution to
emphasize specific aspects of structure in fixed specimens. Modern high field MR
technology (Johnson et al., 2007) in conjunction with staining (Johnson et al., 2002; Zhang
et al., 2010b), now allow the acquisition of high contrast images of the mouse brain with
isotropic resolution of 20-50 um. Therefore we focus this meta-analysis study on actively
stained, fixed mouse brain specimens.

We propose a framework for quantitative assessment of anatomical phenotypes in mouse
models of neurological and psychiatric conditions. The framework supports the use of single
and multispectral MR protocols, and we identify optimum image channel selections to
enhance segmentation accuracy of individual brain regions, including gray matter nuclei,
white matter tracts, and the ventricular system.

Neuroimage. Author manuscript; available in PMC 2013 November 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Badea et al.

Page 3

Most previous studies phenotyping mouse models of neurological disease have relied on a
single MR image channel (Badea et al., 2007b;Bock et al., 2006; Borg and Chereul, 2008;
Delatour et al., 2006; Lerch et al., 2008; Sawiak et al., 2009; Zhang et al., 2010a). Even if
the atlas includes multi-contrast or multi-modal data (Aggarwal et al., 2009b;Badea et al.,
2007a;MacKenzie-Graham et al., 2004), computational demands have usually restricted its
application to a single image channel (Badea et al., 2009, 2010; Cheng et al., 2011); and the
analysis of multimodal biomarkers was done separately, as in Blockx et al. (2011). Recent
atlases, however, can provide additional information on both gray and white matter
structures (Jiang and Johnson, 2011), based on high-resolution diffusion tensor imaging
(DTI). DTI provides more accurate information on the volumes of white matter tracts, as
well as their integrity, and has the potential to detect microstructural changes before major
tissue loss. Computational tools are therefore required to process large multispectral
datasets, to efficiently yield quantitative phenotypes. A recent study used DTI multichannel
registration to characterize brain development in mutant mice (Aggarwal et al., 2009a);
however the choice of image channels, and impact on mouse brain segmentation
performance remain to be addressed. In this study we evaluate the contribution of multiple
MR contrasts, including DTI, to segmentation accuracy for select brain structures.

A reference atlas is required to provide priors for brain segmentation. This is usually built
from a single animal (Cheng et al., 2011;Maheswaran et al., 2009a,b; Xie et al., 2010; Zhang
et al., 2010a), but such priors can be also constructed from multiple animals—imaged live
(Aggarwal et al., 2009b; Ma et al., 2008; Maheswaran et al., 2009a,b), or as a fixed
specimen (Aggarwal et al., 2009b; Badea et al., 2007a; Kovacevic et al., 2005; Lerch et al.,
2008; Ma et al., 2005). In this study we quantify the effect of using multi-atlas priors and a
multivariate likelihood model on segmentation accuracy.

The quantitative assessment of automated segmentation accuracy is done with reference to
manual labels, and uses various metrics, e.g. volume correlation (Lau et al., 2008), distance-
based measures (Zhang et al., 2010a), or voxel overlap i.e. Dice coefficients (Lebenberg et
al., 2010; Ma et al., 2005; Maheswaran et al., 2009a,b; Wu et al., 2012). In this paper we
present a systematic optimization of the registration process (Avants et al., 2008b, 2011a),
based on maximizing Dice coefficients, with the goal to help efficiently select parameters
for optimal accuracy. The registration process is followed by an additional step—the use of
MRF modeling and Bayesian statistics (Avants et al., 2011b;Held et al., 1997) for
classifying voxels. The combined approach uses information from multiple specimens, and
multivariate data from different MR protocols, to improve upon the results of single-
specimen, single-channel segmentation.

Multiple imaging contrasts and modalities provide complementary information, but also
overwhelming data. Today's image data have two or three spatial dimensions, possibly a
temporal dimension, and may have originated from multiple sources (such as MRI, SPECT,
PET, US, histology, optical, etc.). These sources provide information that needs to be
integrated, and efficiently mined. We propose to treat such multispectral information as a
hyperimage, which can be used to test a biological hypothesis (e.g. phenotypes of
neurological conditions). In this study, a mouse brain hyperimage consists of up to 1024 x
512 x 512 voxels image matrix, with N channels. The channels are T1-, T2- and/or T2*-
weighted structural MR images, complemented with images derived from diffusion tensor
data, such as fractional anisotropy (FA), radial diffusivity (RD), and trace (Tr). We take
advantage of distributed/parallel computation to assess which image channels provide
unique information necessary to complete the picture for normal development or aging, a
particular brain disease, or toxicological insults. To achieve this we propose and optimize a
flexible pipeline for phenotyping mouse neuroanatomy, based on processing the hyperimage
with multivariate/multichannel registration and classification. Software scripts and data used
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to establish accuracy of automated segmentation are shared with the community to aid
optimization of other segmentation methods (http://www.civm.duhs.duke.edu/
brainpipe2011).

Brain images used were from previously published studies (Badea et al., 2007a, 2009, 2010;
Jiang and Johnson, 2011; Johnson et al., 2010; Sharief et al., 2008). Animals included
C57BL/6 mice, a double transgenic mouse model of Alzheimer's disease (AD) (Jankowsky
et al., 2005) and a BXD29 mouse, from the RI family of BXD strains obtained from
intercrossing the C57BL/6 and DBA/2 strains. All imaging studies were performed at the
Duke Center for In Vivo Microscopy, using animal procedures approved by the Duke
University Institutional Animal Care and Use Committee (IACUC). C57BL/6 and BXD
mice were obtained from the Jackson Labs (Bar Harbor, ME), and Dr. Joanna Jankowsky
(Baylor College of Medicine) donated the AD mice. We selected these strains because of
known variability (Badea et al., 2009, 2010). For example, the total volume of BXD29 brain
is ~83% of the C57BL/6, while for the AD model is 99% of the C57BL/6 brain volume, but
is known to change by about 5-6% relative to age matched controls. Yet in the AD model
the volumes of subcortical brain structures change, e.g. the substantia nigra changes with
~17% relative to controls. Absolute hippocampus (Hc) volumes vary from 23.3 um3 for the
AD mouse, to 27.2 pm3 for the BXD29, to 29.9 pm3 for the C57BL/6— a 23% and 10%
change relative to the C57BL/6. Relative Hc volumes represent 5.9% of the brain volume
for C57BL/6, 5.4% for BXD29, and 5.3% for the AD mouse.

Transcardial perfusion was used to actively stain the specimens with 1:10 ProHance (Bracco
Diagnostics Inc., Princeton, NJ), as described in Johnson et al. (2002, 2007). The brain
specimens, left in the skull to avoid mechanical distortions, were placed in fomblin-filled
tubes for scanning.

High-field MR histology of actively stained mouse brains was done in accordance with
protocols (Table 1) described in Johnson et al. (2007) for “conventional” imaging, and Jiang
and Johnson (2010) for diffusion tensor imaging (DTI). Specimens were scanned on a 9.4 T,
8.9 cm vertical bore Oxford magnet, with shielded coils providing gradients of up to 2000
mT/m (Resonance Research, Inc. Billerica, MA), controlled by a General Electric (GE
Healthcare, Milwaukee, WI) EXCITE console (Epic 11.0). We used a solenoid
radiofrequency coil built in-house, from a single sheet of microwave substrate (12 mm
diameter). Specimens remained in the same position in the magnet during the whole image
acquisition protocol. Two distinct image acquisition protocols were used to acquire T1-
weighted (T1w) and T2-weighted (T2w), multiple echo frequency-domain image contrast
(MEFIC)-enhanced images in C57BL/6 mice (n = 5), as well as for two additional strains:
BXD?29 (Peirce et al., 2004; Taylor, 1978) (n = 1), and an APP/TTA double transgenic
mouse model of Alzheimer's disease (Jankowsky et al., 2005) (n = 1). In addition,
fiveC57BL/6micewere scanned using the same T1w sequence, a T2* weighted sequence
(T2*w) and a diffusion tensor sequence (DTI) (Jiang and Johnson, 2010).

T1l-weighted, T2*-weighted acquisition

The 3D T1w spin echo sequence had the following parameters: echo time (TE) 5.2 ms,
repetition time (TR) 50 ms, 62.5 kHz bandwidth, field of view (FOV) of 11 x 11 x 22 mm.
A 3D GRASS sequence with TE 4.4 ms, TR 50 ms, and flip angle of 60°, using the same
field of view, provided the T2*w images. Fourier space was sampled asymmetrically at 384
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x 384 x 768 locations, with zero filling only on one side of the array to 512 x 512 x 1024.
The receiver gain was increased at the periphery of Fourier space, to provide an expanded
dynamic range and effectively weight (amplify) these higher frequencies during the phase
encoding steps. This method allows acquisition of high-resolution images with reduced time
(Johnson et al., 2007). Scan times were 2 h 7 min for these protocols, with 21.5 ym isotropic
resolution.

T2-weighted acquisition

The 3D T2w imaging protocol consisted of a Carr-Purcell-Meiboom-Gill (CPMG) sequence
with the following parameters: inter-echo spacing 7 ms, 8 echoes, TR 400 ms, 62.5 kHz
bandwidth, FOV 11 x 11 x 22 mm, and matrix size 256 x 256 x 512 pixels. The echoes
were post-processed using MEFIC implemented in MATLAB (MathWorks, Natick, MA),
resulting in a T2w dataset with increased contrast and signal-to-noise-ratio (SNR) (Sharief
and Johnson, 2006). The sequence used asymmetric Fourier sampling with expanded
dynamic range, filling a 192 x 192 x 512 array, with subsequent zero filling on one side
(25%) of each phase encoding axis. The scan time was 4 h 15 min for the T2w protocol,
with 43 pm isotropic resolution.

DTl acquisition and processing

The 3D DTI protocol consisted of a diffusion-weighted spin-echo pulse sequence (Jiang and
Johnson, 2010) with TE = 11.8 ms, TR = 100 ms, FOV 22 x 11 x 11 mm, matrix size 512 x
256 x 256, and 2 averages (NEX), resulting in 43 um isotropic voxels. Diffusion encoding
was performed using a pair of half-sine gradient pulses (pulse width = 1.3 ms, pulse
separation = 6.4 ms, gradient amplitude = 1600 mT/m). One Ay (i.e., 6~0) and 6 diffusion-
weighted images (6~1.5 x 103 s/mm?) sensitized in 6 directions ([1, 1, 0], [1, 0, 1], [0, 1, 1],
[-1, 1, 0], [1, O, -1], [0, -1, 1]) were acquired, the scan time being 28 h.

For the DTI scanned specimens, T1 and T2*w conventional images were also acquired, with
the same field of view (FOV) and resolution, with scan time (TR = 50 ms, NEX = 1) of 1 h.

DTI Studio (Jiang et al., 2006) was used for tensor reconstruction, and to calculate fractional
(FA) and radial anisotropy (RA), longitudinal (EO) and radial diffusivity (RD), and trace
(Tr). These images were aligned into Waxholm Space (WHS) (Johnson et al., 2010), based
on the transforms derived from aligning T2*w images of individual specimens to the WHS
T2*w channel. We used bilateral filtering (Tomasi and Manduchi, 1998) for edge preserving
denoising of DT images.

Reference atlases

An essential component of segmentation is a mouse brain atlas based on three MR protocols
(Tlw, T2*w, and T2w), with different contrasts among brain regions (Fig. 1). For brevity,
we use the term “conventional” for these data. This atlas defines a common reference, called
Waxholm Space (WHS), and includes 37 labeled regions (Johnson, Badea et al., 2010).
Other atlases can be used, e.g. the multi-specimen atlas with T1w and T2w contrasts (Badea
et al., 2007a), containing 33 labeled regions, or a DTI atlas (Jiang and Johnson, 2011),
registered into WHS. Our DTI set is based on this atlas and includes: fractional (FA) and
radial anisotropy (RA), trace (Tr), longitudinal (EO) and radial diffusivity (RD) images (Fig.
2).

A set of eight regions was manually traced on the T1w, T2*w and DTI set using AMIRA
(Visage Imaging, El Camino Real, CA), for validating the automated segmentation. We
selected gray matter structures involved in learning and memory, reward and addiction, and
Parkinson's disease; major white matter structures; and ventricles, enlarged in brain
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degeneration. The gray matter structures included the hippocampus (Hc); caudate putamen
(CPu) and substantia nigra (SN); white matter structures included corpus callosum (cc) and
anterior commissure (cc); and the ventricular space included the lateral and 4th ventricles
(LV, 4 V, combined as ventricular system VS). The same regions were manually labeled
onto the BXD29 and AD data sets using the T1 and T2w images.

Segmentation pipeline

The processing pipeline resides on a dedicated workstation (8 cores, 2 Intel Xeon
processors, 2.66 GHz, Mac Pro4, equipped with 64 GB memory), and is implemented in
object oriented Perl, with a modular structure. The modules coordinated by the pipeline
automatically perform: a) raw image retrieval from an archive database and conversion to
NIFTI format; b) stripping extra cranial tissue using mathematical morphology tools in
MATLAB; c) multivariate registration between the atlas and new brain specimens. The last
step is performed using the ANTS registration software (Avants et al., 2008b, 2011a), as
shown in Fig. 3. ANTSs has been used sequentially for: 1) rigid coregistration among images
acquired for one specimen; 2) rigid registration to WHS; 3) affine registration between the
WHS atlas and the query set, i.e. all images acquired for one specimen, to remove global
differences; 4) diffeomorphic registration between the WHS atlas and the query set, to
compensate for local differences. Bias field correction was performed for new strains using
N4ITK (Tustison et al., 2010).

In essence, we used ANTS to derive the mapping between the reference atlas (e.g. WHS)
and the query set. The mapping is composed of an affine and a diffeomorphic transform,
symmetric and invertible, and is computed in a multiresolution scheme to improve
convergence speed. At each iteration the diffeomorphic transform (f), is updated toward a
point midway toward images /and J, as described in Avants et al. (2008b):

$i(x,0.5)=(x, 0.5)+5(K+VII(¢(x, 0.5)))

where & is a gradient step parameter (referred to as SyN parameter from now on), K'is a
regularization term (chosen as Gaussian), and 11 is a similarity metric. We used mutual
information as the similarity metric for the affine transform, and cross correlation for the
diffeomorphic transform. The mutual information (MI) between two images /and Jis
evaluated based on the marginal probability density functions py(/) and p(y), and the joint
probability density function (), derived from the marginal histogram of the two images
and the joint histogram, with a limited number of bins (200) and sampling points (32,000):

)
MI, , = 1 —.
o i;je,p (i e (P](i)Pz(j))

The cross-correlation (CC) between two images /and Jis evaluated using a kernel centered
in x, of radius rand with 7elements, with mean values over the kernel i, U and is
integrated over the image by moving the center of the kernel across the image:

3 (Zt (](x;) - :ul(x,-)) (‘I(xi) - HJ(»‘,-)))Z

(D Zi(l(xi) - ﬂz(x,-))zZi(J(xi) - ”J(.n-))z |
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The composite affine and diffeomorphic transforms (that bring the WHS and query image
set into register) are applied to the WHS label set to produce new labels for each query set.
In addition to registration based segmentation, classification using multivariate intensity and
label priors, a Bayesian framework, and Markov random field (MRF) modeling was
performed using ATROPOS (Avants et al., 2011b). To classify voxels, the posterior
Gaussian probability was modeled by the Euclidian distance in the univariate case, and the
Mahalanobis distance in the multivariate case.

All software modules are coordinated by the Perl pipeline, producing a customizable
application for segmenting mouse brain images, ideally acquired using one or more of the
atlas acquisition protocols.

Evaluation and statistics

Results

We tested the segmentation pipeline for brains of the C57BL/6 strain, a double transgenic
AD mouse model (Jankowsky et al., 2005), and a BXD29 mouse. To evaluate the
segmentation performance, we used single or multiple-specimen manually labeled atlases.
These included the WHS (Johnson et al., 2010) (Fig. 1) with Tlw, T2*w, and T2w image
channels, the multi-specimen atlas (Badea et al., 2007a), and DTI atlases for the C57BL/6.
The atlas labels and images provided priors for segmenting new datasets, and the results of
automated segmentation were evaluated using the Dice coefficient (Dice, 1945), illustrating
the coincidence of a label in the manual (M) and automated (A) segmentation, in the same
subject space.

2MNA

= +100(%)
|M|+]A]

Results are expressed in percentages, as meanzstandard error of the mean. We used #test
and one-way analysis of variance (ANOVA) with Dice coefficient values as the dependent
variable and segmentation strategy (registration/MRF; or channel combinations as
independent variables), and Tukey multiple comparison corrections. A p value<0.05 was
considered significant.

We have developed streamlined protocols for quantitative neuroanatomical phenotyping.
The results of automated segmentation can be used to produce population atlases, phenotype
mouse models, or determine genetic influences on brain structure (Badea et al., 2009).
Starting from an atlas based on the C57BL/6 strain we segmented mouse brains of the same
strain, as well as new strains — such as the BXD29, and the AD model (Jankowsky et al.,
2005).

In an initial optimization study we used images from C57BL/6 mice (Fig. 4) to select
parameters for the registration and classification processes, including: imaging protocol,
metric, deformation, and regularization. At first, single channel, T2*w images were used to
examine relative segmentation performance. The pipeline was initialized with the mutual
information metric (MI) for affine registration, because of significant gains in computation
speed relative to the cross correlation (CC) metric. The CC metric was chosen for
deformable registration, for its efficiency, and the effect of kernel size on the accuracy of
segmentation was evaluated. The CC kernel size was varied between 2 and 9 voxels (of 43
um size), as shown in Fig. 4b. A 4 voxel kernel radius (i.e. 172 pm) was chosen for the
C57BL/6 set, based on maximum performance for white matter tracts, hippocampus and 4th
ventricles. The gradient step parameter for the symmetric normalization was varied between
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0.1 and 2 voxels (Fig. 4a), and finally chosen as 0.5 voxels based on the good performance
for the anterior commissure and corpus callosum, as well as lateral ventricles, and the
reasonable computation cost (increasing as the step gets smaller). A grid search was run for
the parameters of the Gaussian regularization factor, varying the total regularization kernel
size from 0, 1 and 3 voxels, and the deformation regularization from0, 0.2, and 0.5 voxels.
Optimal results were obtained for Gauss [1,0.5].

ANTSs was used with multivariate inputs to test for the optimal combination of images,
restricting the search to two channels, in the face of memory limitation, and to maintain
reasonable computation time (Fig. 5). The similarity metric was CC with a 4 voxels kernel
(172 pm), and the transform was symmetric normalization with SyN step of 0.8 voxels (34.4
pum). The combination of conventional + DTI channels improved segmentation significantly.
Specifically, the combination of either of the conventional channels and the radial
anisotropy yielded best results. As expected, univariate ANOVA indicated that accuracy was
different for different image channels, and higher for white matter, such as the anterior
commissure [ac: F(12,39) = 8.0, p = 2.98 x 10~] and corpus callosum [cc: F(12,39) = 6.6, p
=0.004)].

Details on the size of differences, and the statistics are presented in Tables 2A-2E. In
summary, Dice coefficients for corpus callosum (cc) increased from 54 + 4% (mean £ SEM)
for T2*w based segmentation, to 71 + 1% for T2*RA and 70 + 1% for T2*FA (Table 2A).
Dice values for combined conventional and DTI channels, like RA and FA, were greater
relative to single channel based segmentation. A posthoc analysis (Table 2B) indicated that
Dice values for combined conventional and DTI channels were larger relative to the T2*Tr,
and differences were significant. The combination of T1 and T2* with RA provided better
accuracy than the T1T2* combination; and T2*FA provided better accuracy compared to
T1, T2* and T1T2* (>16%, ns after multiple comparison correction).

A similar trend was observed for the anterior commissure (ac), where Dice coefficients
increased from 29 + 11% for T2*w, and 51 + 10% for T1w, to 74 + 2% for T2*RA, and 73
+ 3% for TIRA. A posthoc analysis indicated that Dice coefficients for TLFA, T1RA,
T2*RA, T1RD, T2*RD and T1EOQ were larger, and differences were statistically significant
(p<0.05), relative to T2*w, or T1T2*w.

Unexpectedly, not only white matter tract segmentation accuracy benefited from the use of
DTI channels in a multivariate context, but also gray matter nuclei. SN accuracy increased
from 71 = 5% for T2*w to 78 + 5% for T1w, and 80 = 1% for T1Tr, and 81 = 1% for T1RD,
but differences were not significant (ns). However, for Hc accuracy increased from 84 + 1%
and 84 + 3% for T1w and T2*w respectively, to 91 + 1% for TLRA and T2*RA. Differences
were statistically significant (p = 0.003); and a posthoc analysis revealed that T2*RA
accuracy was larger relative to T1T2*, and approaching significance relative to T2*w (p =
0.1). Similarly, for CPu accuracy increased from 82 + 0.3% for T1w, and 83 £ 2% for
T2*w, to 89 + 0.4% for TIRA and 88 + 0.5% for T2*RD. Differences among groups were
statistically significant (p = 7.6 x 107°), and post hoc analysis revealed significant
differences between the following groups: T1T2* vs TIRA, T2*RA, T1RD, T2*RD, T1FA
and T2*FA; T1RA, T2*RA, T1EQ, T1Tr; while T2*Tr vs TIRA and T2*RA approached
significance (p = 0.1). Of the DTI channels Tr combined with T2* was the least favorable.
However, channel combinations involving T1w, or T2*w and a DTI channel were in general
superior to T1T2* driven segmentation.

Even though the ventricles were challenging to segment, because of their variability, and
susceptibility effects at high-field MR, the maximum accuracy was obtained for T1EO (68 +
4%), and T2*RA combination (62 + 1%), and differences between groups were significant
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(p = 2.4 x 107). The post hoc analysis revealed that differences were statistically significant
between the following groups: T1 vs T1EQ, TIRA, T2*RA, T2*FA, T1RD; T1T2* vs T1EQ,
T1RD, T2*RA, T1RA, T2*FA. T2*Tr gave inferior results compared to T1EOQ, T1RD,
T2*RA, T1IFA, T1RA, T2*RA, T2*FA (p<0.05).

The rest of the brain was segmented accurately (>95%) with any of the image channel
combinations. Groups gave however different accuracies (p = 7.6 x 1074). In essence single
channel T2*w based segmentation underperformed relative to combinations involving T1
and RA, RD, or EO; T2*RA; or T2*FA. T1RA was better than T1 based segmentation
(p<0.05).

The accuracy for segmenting other strains (Fig. 6, and Table 2C) was lower compared to
C57BL/6,when using the same settings for ANTS, but only T1w and T2w channels (no
DTI). Correcting for bias field nonuniformity (data not shown) improved results with 2.8%
on average, most importantly for cc (4%), and ac (9%). With the exception of cc and
ventricular system (VS), differences were not significant. T1w and the combined T1T2w
(70% contribution from T1w, and 30% from T2w) gave superior results to T2w based
segmentation, with the exception of SN, where T2w yielded better accuracy. The larger
nuclei were segmented with accuracy of 85 + 2% for CPu, and 78 + 5% for Hc in the
BXD29 mouse, and 83 £ 0.6% and 82 + 0.5% respectively, in the AD mouse. The penalties
were greater for smaller nuclei like SN (50 + 8% in BXD29, 59 + 6% in AD), white matter
tracts like cc (47 £ 5% in BXD29, 60 + 1% in AD), and ac (38 + 4 in BXD29, 42 + 6% in
AD), and ventricles (37 + 2% in BXD29, and 51 £ 3% in AD).

The addition of MRF modeling and Bayesian classification based on priors constructed from
multiple atlases (Fig. 7), and the T2*w and RA image channels, improved the results of
segmentation relative to the single atlas reference, using optimal registration parameters
(SyN 0.5 voxels, cross correlation kernel 4 voxels, regularization [1,0.5]) (Fig. 8). The
improvement was significant in C57BL/6 mice for 5 out of the 8 segmented structures, i.e.
the Hc, CPu, SN, cc and LV. Among gray matter structures Hc accuracy increased from 91
+ 1% to 94 £ 1% for MRF (p = 0.001), CPu increased from 89 + 2% to 92 + 1% (p = 0.003);
SN from 73 £ 2% to 81 + 1% (p = 0.01). Both white matter structures were segmented more
accurately; ac increased from 75 + 3% to 78 £ 5% (ns), but only cc increased significantly,
from 74 £ 2% to 80 + 2% (p = 0.03). The lateral ventricle increased from63 + 3% to 74 £
3% (p = 0.03). In the BXD29 and AD strains, MRF improved (ns) segmentation in all tested
structures but the whole brain and the anterior commissure. The CPu and cc were segmented
with higher accuracy (by 2, and 6% respectively), but the improvements were largest for Hc
(by 7%), ventricles (by 9%), and substantia nigra (by 11%) (Fig. 8).

We used the mouse brain segmentation pipeline (MOBS) on an Intel Mac Pro with 2 Quad
Core Processor, and 64 GB RAM. Segmentation time was approximately 26 h for a dual
channel (512 x 512 x 256 x 2) structural and DTI parameter images, filtered with the
bilateral filter, using full diffeomorphism with time, and a four levels multiresolution
scheme; and 36 h for unfiltered T1w and T2w combinations with four levels resolution
scheme. A 1024 x 512 x 512 single channel image (at 21.5 um resolution), using greedy
SyN, and a 4 levels resolution scheme needed ~20 h to complete. A single contrast T2*w
data set at 512 x 256 x 256 (at 43 pm resolution) required ~16 h.

Discussion

Automated or semi-automated pipelines are essential for phenotyping mouse models of
neurological and neuropsychiatric human diseases, and assessing efficacy of treatments. We
describe automated pipelines for single and multivariate segmentation of the mouse brain in
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a widely used strain, C57BL/6, as well as two other strains, BXD29 and APP/TTA double
transgenic mouse of Alzheimer's disease (AD); and evaluate the contributions of different
imaging and registration protocols, as well as the use of multiple atlases to the success of
segmentation.

The novelty of our approach consists in using multiple MR protocols. We performed
multivariate registration and segmentation using recently developed tools, available to the
community (Avants et al., 2008b, 2011a,b). While additional evaluation may be necessary to
confirm the suitability of the proposed pipelines for quantitative phenotyping, we present a
framework in which such studies can be performed efficiently, in a streamlined fashion, and
we assess performance of such pipelines executed on a multitude of imaging protocols. Our
initial studies have been performed on an exhaustive data set so that we can determine the
best performance one might derive in automated segmentation. These results are now
informing us on image acquisition and optimal registration parameters. For example,
improvements in RF coils and a streamlined acquisition protocol have reduced the
acquisition time for a T2*w sequence to ~14 min. A new gradient insert and Agilent console
on one of our 7 T magnets will allow to simultaneously acquire DTI images on 8 specimens
using multiple RF coils/channels. The pipeline and data here will provide the baseline
against which we can gauge these new strategies.

We propose using existing atlases as references for automated segmentation, such as (Badea
et al., 2007a; Jiang and Johnson, 2011;Johnson et al., 2010; Kovacevic et al., 2005; Ma et
al., 2005) for fixed specimens, and (Ma et al., 2008) for in vivo scans. These atlases may be
adapted to new studies (Lee et al., 2009), or new atlases may be required if image
acquisition protocols differ dramatically, or if there are large differences in the brain
anatomy. We have used commercial software programs, such as AMIRA (Visage Imaging
Inc., San Diego, CA) or Avizo (VSG, Burlington, MA), for manual labeling. These
incorporate segmentation tools and have the capability to work with large data sets;
however, they require a license. Excellent free and open source tools, such as ITK-SNAP
(Yushkevich et al., 2006), are promising alternative for producing future atlases. It is
recommended that reference atlases be rigidly aligned into the Waxholm space, using
intensity based methods or anatomical markers such as the anterior commissure, posterior
commissure, or tip of 4th ventricles.

While our protocols can be used with lower resolution MR images from actively stained
brain specimens, they are not optimized for lower resolution in vivo MR images. Our study
was aimed toward higher resolution, contrast-enhanced MRM images of the mouse brain,
where ~40 structures can be identified, but some researchers prefer the benefits of in vivo
images, which avoid shrinkage associated with fixation, and offer the possibility of doing
longitudinal studies. While the segmentation algorithms are amenable to process images
obtained from such protocols, the lower resolution and contrast require new atlases and
anatomical priors, for a reduced set of structures. Directly using the tools with the provided
atlases may result in reduced segmentation accuracy. Existing in vivo MR atlases can
potentially replace WHS as a reference in the pipeline, producing labels for 12 (Scheenstra
et al., 2009), or 20 structures (Ma et al., 2008).

There are other neuroimaging workflows and pipelines that could be adapted for mouse
brain segmentation. The Soma Workflow (Laguitton et al., 2011) is a Python application
dedicated to the execution of low level workflows on parallel resources. It has been used
with pipelines such as BrainVisa (Cointepas et al., 2010) to optimize segmentation of white
matter, gray matter and CSF on a database of 80 human brain images, and dramatically
reduced computation costs on multiple core clusters (1 h) relative to single core (23 h). In
comparison, our pipeline runs single jobs; however, several instances can be run in parallel.
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Another open source effort, Nipype (Gorgolewski et al., 2011) provides an environment that
allows exploration of algorithms from different packages (e.g., SPM, FSL, FreeSurfer,
Camino, AFNI, Slicer), and is mostly dedicated to functional brain image analysis, but could
potentially be used for mouse brains. Similarly, the LONI pipeline (Dinov et al., 2009; Rex
et al., 2003) bundles resources that can be pipelined using a graphical user interface, and has
been used for mouse brain phenotyping. Registration (e.g. AIR, Woods et al., 1998) and
segmentation tools - (Tu et al., 2008) are incorporated, but these need to be retrained when
translating to the mouse. These tools have been used for analyzing ex vivo (MacKenzie-
Graham et al., 2006), and in vivo images (for 3—4 regions) of EAE mouse models
(Mackenzie-Graham et al., 2012). A close alternative, PSOM has been designed to process
large numbers of brain data sets, ultimately for fMRI analysis, using Octave and MATLAB
(Bellec et al., 2012), using parallel and distributed computing. Such pipelines will process
workflows for structural analysis, as the one we present, but need to be configured
appropriately. Furthermore, unlike the ANTSs segmentation tool, these pipelines do not
explicitly support multivariate segmentation.

Our mouse brain segmentation pipeline (MOBS) integrates software from different packages
for image preprocessing, registration, segmentation and quantization, and can run on
multiple platforms (e.g. OSX, LINUX). Similarly with Nipype, it lacks a graphical user
interface present in other pipelines and segmentation programs (Beg et al., 2005; Lee et al.,
2009; Rex et al., 2003), but offers in return ease of scripting (lacking in GUI based
pipelines, such as the LONI pipeline) — to automate processing of multiple studies, and
runs locally rather than on a remote cluster, limited by bandwidth of the connection, or
resource availability. The segmentation pipeline is implemented using a Perl wrapper for in
house built scripts, and a suite of published registration methods (Avants et al.,
2008a,b;Avants et al., 2011a). These were tuned for high-resolution multivariate MR images
of the mouse brain. The pipeline can be executed as a sequence of steps, or restarted for just
individual steps allowing for optimization at each step. Similar parameters as in human
neuroimaging can be used for mouse brain studies (Avants et al., 2011a), while edge
preserving filtering techniques, such as the bilateral filter (Tomasi and Manduchi, 1998),
may be used to reduce noise and improve convergence speed, particularly important for
DTI. In our experience the cross-correlation (CC) metric provided faster convergence, and
more accurate results compared to mutual information (MI) (see Supplementary material at
http://www.civm.duhs.duke.edu/brainpipe2011). However CC can be used for similar
images, such as those in the standard operating protocols defined for the WHS, while
different image acquisition protocols may benefit from using the mutual information metric.
The diffeomorphic registration with a SyN parameter of 0.5 provided optimum results for
C57BL/6 and the test strains under consideration. A radius of 4 provided optimum results
overall for a subset of 8 structures manually segmented in DTI, in combination with
structural imaging for C57BL/6, and similarly in test strains, although a larger radius may
provide optimal results for select structures, such as SN in the BXD29 and AD strains.

While it is difficult to compare accuracy across studies, since metrics differ (landmarks
distance, volume correlation, surface distance, Jaccard or Dice overlap), and usually only
select structures are manually segmented, the hippocampus is present in most evaluation
studies because of its importance for normal brain function, as well as diseases involving
learning and memory deficits. The accuracy of registration-based segmentation for
hippocampus in test strains, using conventional imaging (BXD and AD mouse model),
compared well (80% before, and 84% after N4 corrections) with other studies on BXD
(~78%; Sharief et al., 2008), and in AD mouse models (~75%; Maheswaran et al., 2009a,b).
Values were higher when multiple atlases were used to provide statistical priors (87%), and
increased for the same strain registration using DTI (91% for C57BL/6), and 94% after
MREF. In this case Dice coefficients for Hc exceeded 90% for registration and MRF

Neuroimage. Author manuscript; available in PMC 2013 November 15.


http://www.civm.duhs.duke.edu/brainpipe2011

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Badea et al.

Page 12

segmentation, comparable to other studies (Ma et al., 2005). These values were comparable
to those reported for human brains (~80%; Fischl et al., 2002; 83% Avants et al., 2011a).
Another structure segmented consistently well, with similar accuracy is the caudate
putamen. Accuracy ranged from 84% after registration, to 86% after MRF, in test strains,
based on conventional imaging. Accuracy increased to 89% in C57BL/6 when using DTI,
and 92% after MRF (Table 2D). In humans accuracy has been reported to be 80% after
registration (Avants et al., 2011a), and 90% after MRF (Avants et al., 2011b; Fischl et al.,
2002).

Among the segmented mouse brain regions, particularly challenging were the anterior
commissure (Ali et al., 2005; Ma et al., 2005) and ventricles, because of their complex thin
shapes, and in the latter case, high variability and possible perfusion caused changes. In
comparison, in vivo human studies reported higher accuracy, from 66% (Avants et al.,
2011b), up to 90% (Fischl et al., 2002).

While the use of bilateral filtration increased convergence speed due to noise reduction in
DTI parametric images, the segmentation process may still require ~30 h on an Intel Mac
Pro with 2 Quad Core Processor, using 64 GB RAM. Multiple instances can however be run
in parallel (6 processes using a 16 hyper-threaded cores, with 64 GB memory system), to
expedite the results for a particular study. Parallel processing can speed up population
studies, or may offer the advantage of using multiple atlases to segment a single target brain.
In comparison, manual segmentation for the 43 um resolution data requires on average ~4 h/
structure, at least 3 workdays for a set of 8 structures, and substantially more for a larger set
of structures (i.e. delineating 37 structures in the WHS atlas required ~2 months).
Automated segmentation time, in turn, is not affected by the number of labels associated
with the images, but increases with image size.

While high resolution may appear as the ultimate pursuit in magnetic resonance histology, it
is not the sole factor determining the success of brain segmentation, be it manual or
automated. Contrast is also of primary importance. We have shown qualitatively (Johnson,
Badea et al., 2010) that specific brain structures are better emphasized in different
acquisitions, i.e. thalamic or vestibular nuclei in T2w acquisitions, and cortical and
hippocampal subfields in T1w or T2*w acquisitions. We hypothesized that delineation of
white matter tracts can be disambiguated based on DTI protocols, benefiting from
directional information in color-coded FA images. This is particularly important in areas
where multiple white matter tracts are in close proximity, but DTI acquisitions are
substantially longer. It is therefore a continuous challenge to select protocols that offer the
best trade-off between imaging time, resolution and contrast to resolve structures of interest.

Multispectral image channel combinations were evaluated with respect to producing optimal
segmentations. Because of limited computation power and memory, we used two image
channels for both registration and classification. For the test strains these were T1w and T2w
(MEFIC processed) images, and the higher resolution T1w channel provided overall better
accuracy than the lower resolution T2w image channel. This was particularly true for white
matter structures, and larger nuclei, at least partly white matter bound; however T2w was
more suitable for segmenting nuclei such as SN. Because of similar contrast of thalamic
nuclei (notice e.g. the medial geniculate in Fig. 6), we believe the T2w contribution to be
essential in these cases as well. When used together, the two channels provided similar or
more accurate results than either of the two. With the exception of the ac, where priors
registration was particularly challenging, accuracy was further increased after the MRF-
based classification in the test strains (Table 2E).
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For the C57BL/6 set, the T1w and T2*w structural images were complemented by DTI
parameter images such as fractional (FA) and radial anisotropy (RA), longitudinal (EO) and
radial diffusivity (RD), and trace (Tr). Overall the optimal combination was given by T2*
and RA channels, followed by T1 and RA, for most of the manually segmented regions,
with the exception of the lateral ventricles and substantia nigra, where the combination of
T1EO for ventricles, and TLIRD and T1Tr for substantia nigra, provided the highest accuracy.
This suggests that image channels may contribute differently to segmentation accuracy of
particular brain regions.

Limitations of the segmentation approach using C57BL/6 priors were encountered when
labeling other strains, resulting in lower Dice coefficients for registration-based
segmentation. However, registration followed with Bayesian classification was found to
improve overall segmentation accuracy, relative to registration alone. Accuracy increased by
more than 10% in lateral ventricles, and 8% in the substantia nigra. The improvement was
less significant in different strains, probably due to reduced accuracy of the priors. The
nonparametric non-uniformity correction filter (Sled et al., 1998; Tustison et al., 2010) also
increased Dice coefficients, although differences were not significant, by as much as 9% in
the anterior commissure. It is reasonable to expect that further optimizing the filter can lead
to better results in rodent imaging, as demonstrated in human studies (Zheng et al., 2009).

The use of multiple atlases and MRF segmentation improved results mostly in homogeneous
structures like the substantia nigra and ventricles, but also in other structures like the
hippocampus. Further optimization may be required for mouse models presenting
anatomical phenotypes that deviate from those of the C57BL/6, and other methods may help
improve accuracy. For example one may resort to masking regions and/or locally varying
the weight of the priors. Individual image channels may give better results for distinct
structures; so drawing heavily weighted priors from one channel versus another may
improve results. In more extreme cases, largely different from the C57BL/6 characteristic
anatomy, population specific atlases may be required to provide optimal results.

While using multiple atlases increases the accuracy of segmentation, a lot of effort goes into
generating multiple priors. The time cost can average more than 1 month per brain, and at
least 5-10 atlases are usually needed. If large mouse brain data banks become available, one
can use strategies developed for human brain segmentation to select and rank atlases based
on meta-information (e.g. age and strain) and image similarity. These strategies have been
shown to perform better relative to non-selectively using the available atlases (Aljabar et al.,
2009). But, only a small number of manually labeled atlases are available for the mouse
brain. However, recent studies suggest that it is possible to use automatically generated
templates, based on the query sets themselves, to effectively reduce the number of needed
atlases (Mallar Chakravarty et al., 2012). This comes at the expense of computational cost
due to increasing the number of registration/voting instances. On the other hand, efficient
acquisition protocols, and coil arrays dedicated to concurrent imaging of multiple mice
(Bock et al., 2003; Dazai et al., 2011) are being developed to speed up the effective scan
time. As suggested by Bai et al. (2012) the results of using complex segmentation models
such as MRF and multi-atlas priors are still influenced by registration accuracy. If different
MR acquisitions better emphasize different structures, and improve registration, these
should provide value also in the context of probabilistic atlases, and help understand the
biological bases of MR image contrast.

Our work confirmed that, as suggested by other studies in human (Avants et al., 2008a) and
mouse (Aggarwal et al., 2009a, 2012) brains, the conventional and DTI derived information
are complementary and may help improve segmentation results. Moreover, DTI parameter
changes may signal early effects in diseases such as AD (Gold et al., 2010), before
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significant GM loss can be detected, or account for age related differences independently of
GM changes (Moy et al., 2011). For these reasons DTI imaging justifies investing the time
for preclinical and translational imaging, to detect early changes indicative of disease, and
subtle changes with treatment.

Neuroanatomical phenotypes have been identified in mouse models of Alzheimer's disease
(Lau et al., 2008), Huntington disease (Carroll et al., 2011), or multiple sclerosis
(Mackenzie-Graham et al., 2012) based on high-resolution ex-vivo and in-vivo MR imaging
using similar software tools. These studies mostly address imaging of the adult mouse brain
(Lee et al., 2009), but may as well be extended for segmenting embryos (Zamyadi et al.,
2010). Dynamic changes may be relevant in studying plastic changes associated with
learning (Lerch et al., 2011), or neurodevelopment (Aggarwal et al., 2009b). More recently
multimodal studies (Aggarwal et al., 2009b) have gained popularity, providing means for
comprehensive phenotyping. The accurate implementation of segmentation pipelines for
such multivariate images will facilitate the characterization of temporal changes in mouse
models of human neurological and psychiatric conditions, may reduce the burden of
functional image analysis by providing anatomical constraints, and will help to objectively
and quantitatively assess the effects of putative therapies in preclinical stages.

Conclusion

We present streamlined protocols for quantitative analysis of mouse brain hyperimages
using multivariate registration and classification. The framework for automated
segmentation encompasses a high-resolution, MR-based atlas space, and uses a suite of
previously published software tools (including ITK (Ibanez et al., 2003), ANTs (Avants et
al., 2011a), and ATROPQOS (Avants et al., 2008b)) to spatially normalize new datasets into
this reference space, assign voxels to predefined classes, and derive quantitative
neuroanatomical phenotypes. We show that a suite of segmentation tools designed for
human neuroimaging studies can be adapted for the segmentation of mouse brain images
acquired with multiple MR imaging protocols. We use a simple command line invocation of
the software pipeline, and a modular, flexible approach that allows restarting and quality
control at every step. We identify optimal combinations of image channels and registration
parameters.

One of the major benefits of magnetic resonance histology is the ability to provide routine
measures of multiple subregions in the tissue specimen (in this case the brain). As
acquisition protocols have become more efficient, post processing will become the rate-
limiting step. Processing pipelines will be essential. The generalized approach and results
demonstrate the utility of multispectral protocols, define the accuracy of the several
multispectral combinations, and point to new directions for improving the method.
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Fig. 1.

The segmentation pipeline uses an atlas comprising multivariate intensity and label priors.
The priors provided by the Waxholm reference are based on an actively stained C57BL/6
mouse brain. Images were acquired using 21.5 pm resolution T1w, T2*w protocols, and 43
um resolution T2w protocols. The MR images are complemented by a set of 37 labeled
regions.
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Fig. 2.

Query image sets to be segmented have one or more image channels. It is recommended that
at least one of these channels be acquired with the same parameters as the reference. Here a
diffusion tensor imaging (DTI) protocol was acquired for a C57BL/6 mouse, in addition to
the T1w and T2*w protocols present in the original WHS set. The role of individual DT
parameter images can be evaluated with regard to improving segmentation accuracy.
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Segmentation flow chart for labeling a mouse brain specimen using multispectral MR
images. Optional preprocessing steps include bias field correction and noise reduction
filters. At first, all images for one specimen are coregistered, e.g. to the T2*w image; then
skull stripped. The resulting image set is rigidly registered into the coordinate system
defined by the Waxholm space (WHS). Finally the query set is mapped to the WHS
reference atlas with a combined affine and diffeomorphic transform. The inverted
transforms are applied to the reference atlas labels (WHS). Resulting label volumes are used
for anatomical phenotyping, and statistical characterization of treatment effects.
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Optimization of deformable registration parameters for C57BL/6 brains for: (a) SyN
parameter; (b) cross correlation kernel. Our data suggest using a kernel size of 4, and SyN of
0.5 voxels is optimal, but registration parameters may need to be balanced against
computational cost, and may vary in other mouse strains/models.
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Fig. 5.

Dice coefficients indicate that combining information from T1 or T2*w images with
information from DTI parameter images improves the accuracy of registration-based
segmentation. The improvement between single channel (T1w or T2*w), and T1RA or
T2*RA combined channel segmentation was >6% for gray matter structures like CPu and
Hc. As expected, accuracy improved for white matter structures, >26% for ac and cc in
T1RA, T2*RA relative to T1T2*, and 16% relative to T1 or T2*. Dice coefficients also
increased for small nuclei such as SN (~10% higher in TIRD and T1Tr than in T2*, 3%
higher in TIRD than in T1), as well as for ventricles (>16% higher in T2RD than in T2*,
30% higher in T2Tr relative to T1). While for SN the combination TIRD and T1Tr
produced the most accurate segmentation (80 + 1%), and T1EO for LV (68 + 4%), the
combination of T2*RA produced the most accurate segmentation for most structures (88 +
2% for CPu, and 90 + 1% for Hc).
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(a) Qualitative evaluation of automated segmentation in test strains (BXD29M shown) in
Tiw (21.5 pm voxels) and T2w images (43 pm voxels); (b) Quantitative evaluation of
segmentation accuracy, based on 8 labels, for both test strains using T1w, T2w, and a
combination of the two channels indicates better performance for T1w and combined
T1wT2w channel segmentation in general, with the exception of SN, where T2w provides
higher accuracy than T1w (ns).
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Fig. 7.

Multiple specimen atlases were used to generate probabilistic priors. The location, intensity,
and label priors can be used in a Bayesian segmentation framework to improve upon the
accuracy of single atlas based segmentation. Five specimens were used to generate priors
using ANTSs; subsequently used for MRF segmentation using ATROPOS. The accuracy of
multi-atlas segmentation was evaluated for 6 labeled regions including the anterior
commissure (yellow), corpus callosum (orange), hippocampus (magenta), striatum
(transparent green), substantia nigra (cyan), and ventricles (LV: blue; V4: solid green).

Neuroimage. Author manuscript; available in PMC 2013 November 15.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Badea et al.

100

90

80

70

60

50

40

Dice C57BL/6 (%)

30
20

10

100
90
80
70
60
50
40
30

Dice test strains (%)

20
10

Fig. 8.

Page 26
m Diff (T2*"WRA)
| | |
Braln He
uDiff (T1WT2w)

MRF

||I1I1

Brain

MRF segmentation of C57BL/6 mice using ATROPOS provided more accurate results than
registration based segmentation, differences that are statistically significant are indicated by
asterisk (*). T2*w and RA parameter images provided multivariate priors for MRF
segmentation. The accuracy was reduced in test strains other than the C57BL/6, which
provided the priors, and in the absence of DTI parameter images. MRF improved however
overall accuracy relative to registration based segmentation.
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