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Purpose: Manganese-enhanced magnetic resonance imaging (MEMRI) can help us trace the active neurons and
neuronal pathway in transgenic mouse AD model. 5XFAD has been widespread accepted as a valuable model
system for studying brain dysfunction progresses in the courses of AD. To further understand the development of
AD at early stages, an effective and objective data analysis platform for MEMRI studies should be constructed.
Materials and methods: A set of stereotaxic templates of mouse brain in Paxinos and Franklin space, “the Institute
of High Energy Physics Mouse Template”, or IMT for short, was constructed by iteratively registration and
averaging. An atlas image was reconstructed from the Paxinos and Franklin atlas figures and each sub-anato-
mical segmentation was assigning a unique integer. An analysis SPM plug-in toolbox was further created, that
automates and standardizes the time-consuming processes of brain extraction, tissue segmentation, and statis-
tical analysis for MEMRI scans.

Results: The IMT comprised a T2WI template image, a MEMRI template image, intracranial tissue segmenta-
tions, and accompany with a digital mouse brain atlas image, in which 707 sub-anatomical brain regions are
delineated. Data analyses were performed on groups of developing 5XFAD mice to demonstrate the usage of IMT,
and the results shows that abnormal neuronal activity occurs at early stage in 5XFAD mice.

Conclusion: We have constructed a stereotaxic template set of mouse brain named IMT with fine delineations of
sub-anatomical structures, which is compatible with SPM. It will give a widely range of researchers a standar-
dized coordinate system for localization of any mouse brain related data.

1. Introduction studying such dysfunction progresses in the courses of AD [4,5]. Our
previous study has performed longitudinal MEMRI in developing

Neuronal activity dysfunction is an important indicator of 5XFAD mice [6]. By manually tracing out 12 regions of interest (ROIs),

Alzheimer's disease (AD) at early stages, which appears prior to cog-
nitive impairment [1]. Manganese-enhanced magnetic resonance ima-
ging (MEMRI) is a noninvasive in vivo imaging technique that is widely
used for these neuronal activity detecting [2]. With the assistance of
manganese ions (Mn?™"), the MEMRI can help us trace the active neu-
rons and neuronal pathway [3]. Transgenic mouse AD model, such as
5XFAD, has been widely accepted as a valuable model system for
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we have found that the basal neuronal activity is aberrant increased at
early stage of AD [6]. Given the critical role of developing 5XFAD mice
in AD, an efficient data analytic method is necessary, which could fa-
cilitate better understanding of AD developments benefits from rodents.

Similar with other modalities of magnetic resonance imaging (MRI),
MEMRI images could be analyzed automatically and objectively by
either voxel-wise or ROI-wise (region of interest) methods, after they

** Correspondence to: B. Shan, Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China.
E-mail addresses: janemengzhang@vip.163.com (Z. Zhang), shanbc@ihep.ac.cn (B. Shan).

! These three authors contribute equally to this article.

https://doi.org/10.1016/j.mri.2018.10.014

Received 28 June 2018; Received in revised form 16 October 2018; Accepted 18 October 2018

0730-725X/ © 2018 Elsevier Inc. All rights reserved.


http://www.sciencedirect.com/science/journal/0730725X
https://www.elsevier.com/locate/mri
https://doi.org/10.1016/j.mri.2018.10.014
https://doi.org/10.1016/j.mri.2018.10.014
mailto:janemengzhang@vip.163.com
mailto:shanbc@ihep.ac.cn
https://doi.org/10.1016/j.mri.2018.10.014
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mri.2018.10.014&domain=pdf

B. Nie et al.

are spatially standardized into a common space according to a pre-
defined template image. In the past decades, several MRI templates
have been constructed for mouse brain [7-10]. In terms of MEMRI
studies, a set of templates of developing neonatal mouse brain have
been created, comprising stages of brain development between post-
natal day 1 (P1) to P11 [11]. It is of great value and has facilitated the
early postnatal studies by MEMRI techniques, despite its limitations in
late infancy researches and poor sub-anatomical segmentations.
Therefore, in view of the MEMRI imaging of late infancy is also playing
an important role in developing studies, it is also imperative to con-
struct an adult MEMRI template.

A mouse brain template alone is incomplete without an atlas system
offering stereotaxic anatomical information. In the data analysis by
either voxel-wise or ROI-wise, accurate and subtle sub-anatomical
segmentations would improve the reproducibility and consistency.
Recently, several mouse brain atlases, in which dozens of anatomical
regions are delineated, have been constructed based on multi-modality
neuroimaging studies [8,11,12]. To distinguish more sophisticated sub-
anatomical regions, conventional two-dimensional histochromic atlases
are constructed, such as the Allen brain atlas [13,14] and the Paxinos
and Franklin mouse brain atlas [15]. There are hundreds of sub-ana-
tomical structures delineated in histochromic atlases. To applicate it in
MEMRI studies, these histochromic slices, however, should be upgraded
from two-dimensional to three-dimensional and further co-registered
with the mouse brain template.

Motivated by further understanding the development of AD at early
stages, our work focused on establishing an effective and objective data
analysis platform for MEMRI studies. To do so, a set of stereotaxic
templates of mouse brain in Paxinos and Franklin space was con-
structed, which we call the Institute of High Energy Physics Mouse
Template — or IMT for short. This constructed IMT comprised a T2-
wighted (T2WI) template image, a set of tissue probability maps (TPM),
and a MEMRI template image. The IMT is compatible with one of the
most popular neuroimaging data analysis software — the statistical
parametric mapping (SPM), so that voxel-wise analysis of mouse brain
could be performed simply in SPM [16]. Moreover, a digital atlas image
of mouse brain was also constructed accompanied with the IMT, in
which 707 sub-anatomical structures were delineated. This atlas image
could be served as an optimal choice for subtle phenotypic analyses of
developing SXFAD mice. Finally, voxel-wise analysis was performed on
the MEMRI images of developing 5XFAD mice at early ages (1-, 2-, 3-,
and 5-month-old respectively) to demonstrate the usage of IMT. All the
significant voxels with neuronal activity dysfunction at each develop-
ment stage of 5XFAD were found out, and then two significant ROIs, the
hippocampus and amygdala, were extracted and further analyzed.

Our constructed IMT is compatible with the SPM. In addition, we
are making the IMT and the software package openly available to the
research community. This package will give a widely range of re-
searchers (within or outside of neuroimaging) a standardized co-
ordinate system for normalization, segmentation and localization of any
mouse brain related data. This will also allow for foster collaboration
across research groups and institutions. The IMT and the software
package are available by contacting the corresponding author at
shanbc@ihep.ac.cn.

2. Material and methods

An overview of this study is presented in Fig. 1, comprising the
procedure for the IMT construction and its application to data analysis
of MEMRI images.
2.1. Animals

Thirty-eight healthy male adult C57BL/6 mice (age range,

10-11 weeks old; weight range, 25-35g) were used for the IMT con-
struction. Twenty-three of them were used for T2WI template
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construction, while fifteen were used for MEMRI template creation.

Developing 5XFAD mice and its corresponding age-matched
C57BL6/J wild mice were enrolled for IMT application and evaluation.
5XFAD mice were developed using the method described by Oakley
et al. [17], which co-express human APP and presenilin 1 with five
familial AD mutations (APP K670N/M671L + 1716V + V7171 and PS1
M146L + L286V). These mice were gifts from Prof. Xiaochun Chen
(Department of Fujian Medical University, Fuzhou, China). Mice were
generated and maintained in the C57BL/6 background. Genotyping was
performed by polymerase chain reaction analysis of tail DNA. To
longitudinally track neuronal activity alterations at early stage of AD,
four developing stages were encompassed in this study, involving 1-, 2-,
3-, and 5-month-old. In each stage, there are six 5XFAD mice and six
age-matched C57BL6/J wild mice underwent in vivo MEMRI imaging.
All experiments were conducted in accordance with the National In-
stitutes of Health Guide for the Care and Use of Laboratory Animals and
were approved by Jiang Su Animal Care and Use Committee.

2.2. MRI data acquisition

During MRI scan, all mice were anesthetized using inhaled iso-
flurane/02 (3% for induction and 1.5-2% for maintenance), and pro-
strated on a custom-made holder to minimize head motion while re-
spiration was monitored at a rate of 50 breaths per min. All datasets
were acquired on a 7.0 T animal MRI scanner (70/16 PharmaScan,
Bruker Biospin GmbH, Germany) in Nanjing, using a 72 mm transmit-
only RF coil and a receive-only quadrature surface coil.

For IMT construction, T2-wighted (T2WI) structural images of the
twenty-three healthy adults were obtained with a RARE sequence
(RARE factor=8, TR =17,483ms, TE = 36ms, matrix size
256 % 256 x 75, voxel size 0.06 % 0.05+0.2mm, no slice gap). Then,
MEMRI experiment of the other fifteen healthy adults were conducted.
All these mice were injected with manganese chloride (MnCI2-4H20,
Bio Basic Inc., Canada) dissolved in bicine (di(hydroxyethyl)glycine,
Sigma-Ulrich, UK) buffer pH7.4. To reduce acute peripheral Mn?*
overexposure, each mouse was injected intraperitoneally in four frac-
tionated doses of 13.95mg/kg MnCl2-4H20 with an inter-injection
interval of 24 h. Then, MEMRI images were obtained 24 h after the last
injection, with a 3D-MDEFT sequence (TR = 5240 ms, TE = 5 ms, ma-
trix size 256 x 256 * 75, voxel size 0.06 * 0.05 = 0.2 mm, no slice gap).

MEMRI experiment of the developing 5XFAD mice and its corre-
sponding C57BL6/J wild mice was conducted using the similar proto-
cols as detailed above. The MEMRI images were obtained with a RARE
sequence (RARE factor = 4, TR = 1430 ms, TE = 8.89 ms, matrix size
384 =« 384 « 30, voxel size 0.06 * 0.06 = 0.5 mm, no slice gap). Moreover,
the T2WI coplanar image of each mouse was also obtained, which is
similar with its corresponding MEMRI imaging.

Finally, all the Bruker original images were converted to DICOM
format with programs (Paravision 5.0) in the scanner.

2.3. Construction of the IMT

The flowchart for IMT construction is shown in Fig. 2. The IMT
comprised a T2WI template image (Fig. 2A), a set of TPM (Fig. 2B), and
a MEMRI template image (Fig. 2C).

2.3.1. Construction of a T2WI template image in IMT

All these 23 T2WI images included in this study were inspected and
found equally of high quality in terms of the image contrast, noise level
and resolution. Firstly, the nonuniform image intensity caused by sur-
face coil of all these T2WI images were corrected using N4 algorithm
[18]. The T2WI structural template image was created recursively by
registering [19-22] and averaging, using affine and non-linear regis-
tration algorithm in SPM (Wellcome Department of Cognitive Neu-
rology, London, UK) (Step 1) [21]. The latest mean T2WI image is ac-
cepted as the final T2WI template image in IMT, until the mean
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Fig. 1. Flow chart of IMT construction and its application for both ROI-wise and voxel-wise analysis.

standard residual difference (SD) between two adjacent mean T2WI
images is < 5%.

2.3.2. Construction of a set of TPM in IMT

The constructed T2WI template image (Fig. 2A) was initially seg-
mented into six types based on image intensity using FAST (FMRIB's
Automated Segmentation Tool) segmentation toolbox in FSL (FMRIB
Software Library) (Step 2), comprising not only three intracranial tis-
sues parts such as the gray matter (GM), the white matter (WM) and the
cerebrospinal fluid (CSF), but also three extracranial types such as skull,
extracranial soft tissues and background. These initial segmentations
were saved as mask images. Afterwards, the TPM of mouse brain was
created recursively by segmentation, spatially registering and averaging
in SPM (Step 3). In detail, using these initial segmentations as reference
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inputs, all these 23 original T2WI images were segmented and nor-
malized using DARTEL (diffeomorphic anatomical registration through
exponentiated lie) algorithm [23]. Then, these normalized tissue class
maps were averaged and regularized, and then selected as a new re-
ference. Afterwards, the original T2WI images were segmented, regis-
tered, averaged and regularized recursively, until the SD between two
adjacent GM of mean TPM is < 5%. Finally, the latest mean TPM is
accepted as the final TPM of mouse brain in IMT (Fig. 2B).

2.3.3. Construction of a MEMRI template image in IMT

All these 15 MEMRI images included in this study were inspected
and were found equally of high quality in terms of the image contrast,
noise level and resolution. Using the constructed TPM as a reference
input, all these 15 MEMRI images were normalized into the IMT space
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Skull  Extracranial Background

Background
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Fig. 2. Flow chart for creating population IMT of mouse brain. Step 1: Constructing T2WI structural template image recursively by registering and averaging, using
affine and non-linear registration. The final structural template image is accepted until the mean standard residual difference (SD) between two adjacent mean
images is < 5%. Step 2: Segmenting the constructed template image into six parts based on image intensity, comprising the gray matter (GM), the white matter (WM),
the cerebrospinal fluid (CSF), skull, extracranial tissues and background. Step 3: Constructing tissue probability maps in IMT space by DARTEL (diffeomorphic
anatomical registration through exponentiated lie) segmentation and registration, using the initial segmentation images as reference. Step 4: Constructing MEMRI
template image recursively by DARTEL registration and averaging based on the created TPM in Step 3, until the SD between two adjacent mean images is < 5%. Our
constructed IMT comprise three parts: (A) T2WI structural template image, (B) TPM, and (C) MEMRI template image.

using DARTEL algorithm in SPM (Step 4). These normalized MEMRI
images were then averaged to create a mean MEMRI image and selected
as a new reference. Then, all these 15 original MEMRI images were
registered and averaged recursively using affine and nonlinear trans-
formation, until the SD between two adjacent average MEMRI images
is < 5%. The latest mean MEMRI image is accepted as the final MEMRI
template (Fig. 2C).

2.4. Construction of the digital mouse brain atlas from the Paxinos and
Franklin atlas

The digital mouse brain atlas image was constructed based on the
2nd edition of Paxinos and Franklin atlas [15], using the method de-
scribed in [21,26]. In detail, all the 2D figures in [15], from the anterior
part of cerebrum (Zpregma +3.56mm) to the posterior part of

GM TPM GM mask Atlas

SR
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GM from '\\"% -';//)‘4"
atlas image \ 4

Extract

Ny« =

v

[ Affine + Nonlinear registration ]

v

/ Co-registered template set with Paxinos & Franklin space \

Whole Brain /

Fig. 3. Flow chart for co-registration the IMT with Paxinos & Franklin atlas space.
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cerebellum (Zpregma — 8.12 mm), were used for mouse brain atlas con-
struction. The background of these figures, including the structure la-
bels and coordinate grids, was removed. Then the outline and internal
contours were identified and further enhanced and smoothed by image
erosion and dilation [21,26]. Moreover, the slice-to-slice realignment
was performed by translation to eliminate section transformation gen-
erated during specimen fixation, sectioning, and staining. Several
landmarks were used in this slice-to-slice outline realignment. For ex-
ample, the midline of the coronal plane was used to align the diagrams
along the x-axis, while several subtle substructures such as ‘IG’ and ‘cg’
were used to align them along the y-axis. The realignment of the in-
ternal contour of each tract was also translated according to both the
sagittal and transverse sections.

Each sub-anatomical structure in the atlas image was given a unique
integer as an index. The laterality information was preserved by as-
signing odd/even integers for right/left corresponding structures. In
this study, 707 sub-anatomical structures could be identified in the
digital atlas. By doing so, the graphical representation of the atlas was
now in the form of 3D tomographic image data, which has 97 slices
with a uniform inter-slice separation of 0.12mm. This final 3D atlas
image was saved as SPM compatible NIFTI format. With this digital
atlas, a sub-anatomical structure could be queried by simply reading the
voxel index inside the structure.

Moreover, the stereotaxic coordinates of this mouse brain atlas were
defined, where the x-axis is negative to the left from the midline and
positive to the right, the y-axis is positive toward the ventral direction
relative to the dorsal direction, and the z-axis is positive toward the
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olfactory bulb direction relative to the bregma and negative to the
cerebellum direction.

2.5. Standardization of the IMT into the Paxinos and Franklin space

To standardize the template into the stereotaxic Paxinos and
Franklin space, the IMT was co-registered with the constructed atlas
image [21,26]. The flowchart for co-registration of the IMT to the atlas
image is shown in Fig. 3. Firstly, a pseudo GM probability image was
created from the constructed atlas image. For this purpose, all the gray
matter substructures, comprising cortex and nuclei, were extracted
from 707 anatomical structures and then merged. Afterwards, each
voxel was randomly assigned an image intensity between 0.90 and 0.99
according to the probability value of GM TPM. Finally, this pseudo GM
probability image was further smoothed using an isotropic Gaussian
kernel with a full width half maximum (FWHM) of two voxels to
smooth the outline and internal contours.

The pseudo GM probability image was chosen as the target image,
and the GM TPM from IMT was chosen as the image to be registered and
transformed. The intensity-based affine transformation algorithm and
subsequent non-linear warping algorithm in SPM were employed to co-
register the GM TPM with this target atlas image, and carried all the
other template images of the IMT along [27].

This co-registered template set is the final IMT in this study. It is a
stereotaxic template set in Paxinos and Franklin space and has fine sub-
anatomical delineations.

Fig. 4. The constructed IMT in Paxinos & Franklin space.
(A) The axial, sagittal and coronal views of the con-
structed T2WI structure template. (B) The axial, sagittal
and coronal views of the constructed MEMRI template.
(C) The 3D rendering of the constructed tissue class map
in template space. It is shown in different artificial colors
and its corresponding illustration is listed to the right of
(C). Three tissue classes can be identified, of which the
gray matter (GM), the white matter (WM) and the cere-
brospinal fluid (CSF) are shown in red, blue and green
respectively. The cross point of dark blue dot lines re-
present the origin point D3V. (D) Superimposing the
constructed TPM on the corresponding T2WI structure
template. Six coronal slices and a sagittal view are dis-
played. The TPM is presented in pseudo color, in which
the GM is displayed in warm color and the WM is in cool
color. And its corresponding color bar stands for the
probability value of each voxel and is listed to the right of
panel (D). (For interpretation of the references to color in
this figure legend, the reader is referred to the web ver-
sion of this article.)
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2.6. Data analysis of MEMRI images with the IMT

Multi-subject voxel-wise analysis and subsequent ROI-wise analysis
were performed on groups of developing S5XFAD mice and its corre-
sponding age-matched C57BL6/J wild mice to demonstrate the usage
and accuracy of IMT. Briefly, the voxel size of all the MEMRI images
from both groups of 1-, 2-, 3-, and 5-month-old mice were scaled up in
the NIFTI header by the factor of 8 to better approximate human di-
mensions [21,22]. They were standardized into the IMT space via our
constructed MEMRI template using affine and nonlinear transforma-
tions and then resliced to 1 x 1 x 1 mm? (after zooming) [21,22] in
SPM12. Afterwards, these resliced images were smoothed by a Gaussian
kernel with a FWHM of 2 x 2 X 2mm?®,

These preprocessed MEMRI images were then analyzed voxel-by-
voxel based on the framework of the general linear model (GLM) in
SPM12. To identify signal differences between the 5XFAD mice and its
corresponding age-matched C57BL6/J wild mice, two-sample t-test
[28] was performed at each month-old stage. Proportional scaling and
intensity normalization were applied to account for global confounds
based on an unbiased scale factor [29]. Brain regions with significant
MEMRI changes in 5XFAD mice were identified using P < 0.001. False
discovery rate (FDR) correction (P < 0.05) for multiple comparisons
was also conducted at the cluster level.

According to the voxel-wise analysis results, two significant ROIs,
bilateral hippocampus and bilateral amygdala, were selected. The mean
signal intensity of all voxels in these ROIs was further calculated. Two-
tailed Student's t-test was applied to detect the differences between
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5XFAD and wild-type mice. P < 0.05 was considered statistically sig-
nificant.

3. Results
3.1. The constructed IMT and tissue segmentations

Our constructed stereotaxic IMT in Paxinos and Franklin space is
shown in Fig. 4. Both the T2WI (Fig. 4A) and MEMRI template images
(Fig. 4B) are shown in gray-scaled. The 3D rendering of intracranial
tissue classes of TPM is shown in pseudo-color (Fig. 4C), in which the
GM, WM and CSF are shown in red, blue and green respectively.
Moreover, both GM and WM probability maps are superimposing on the
T2WI template image, as shown in Fig. 4D. In order to distinguish the
WM from the GM in Fig. 4D, the tissue probability map of the WM were
transformed to negative values. As illustrated in Fig. 4, our constructed
IMT set are sharing a common space.

3.2. The constructed atlas image in IMT

Coronal slices of the constructed mouse brain atlas image is shown in
Fig. 5, in which the corresponding bregma coordinates is listed below
each slice. As an example, one slice (Bregma —1.94 mm) is shown in
Fig. 5B, in which all the distinguishable anatomical structures are labeled
out by an integer as the VOI ID. Furthermore, the detailed information on
all sub-anatomical structures of this slice, including the VOI ID, anato-
mical name and integer image intensity, are listed in Appendix O.

-2.80mm

-1.94mm

Fig. 5. The constructed atlas of mouse brain in Paxinos & Franklin space. (A) Ten coronal slices and its corresponding Zy,gmq coordinates. (B) One randomly selected
slice. All the identified anatomical structure in (B) are marked out by an integer as the VOI ID. The corresponding detailed information of each VOI ID can be found in
Appendix 0. Every identified anatomical structure is displayed in pseudo color. The color bar stands for the artificial index of identified anatomical structure and is

shown at the bottom to the right.
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Furthermore, the co-registration accuracy between the stereotaxic
IMT and the atlas image is qualitatively and then quantitatively eval-
uated. Three representative anatomical structures, i.e., corpus striatum
(CPu), somatosensory cortex, hippocampus (Hip), are selected from the
mouse brain atlas image and overlaid on the T2WI template image of
IMT, as shown in Fig. 6. For quantitative evaluation, an expert was
invited to manually trace out the CPu and Hip from the T2WI template
image separately using the ImageJ software [33], blinded to the atlas
image. Three volumetric and spatial correspondence measures
[21,22,26], i.e., the Dice similarity coefficient (Do) [27] and the
proportions of false-positive (FP) and false-negative (FN) results
[30-32], are calculated between the manual-traced ROI (Oyempiare) and
the atlas-derived ROI (Ogqqs), as detailed in [21,22,26]. All these
quantitative evaluation results are listed in Table 1. The D¢ between
the IMT and atlas are > 85%, while the FP and FN are < 10%. There-
fore, we could conclude that the IMT has been co-registered with the
atlas image in the Paxinos and Franklin space excellently.

3.3. Estimation and application of the IMT

3.3.1. Spatially normalization of MEMRI images

Prior to statistical analysis either based on voxels or ROIs, all the
individuals should be standardized into a common space according to a
predefined template set. This is a crucial preprocessing step in MEMRI
studies. Therefore, the spatial normalization accuracy of the developing
5XFAD MEMRI images were quantitatively evaluated. Those three vo-
lumetric and spatial correspondence measures mentioned above, com-
prising the D, the FP and the FN, are also calculated between the
normalized MEMRI images and the MEMRI template image in IMT, as
listed in Table 2. All the twelve mice in each stage were involved in this
calculation. As illustrated, across the different developing stages of
5XFAD and healthy mice brain, the Do between all the normalized
MEMRI images and the IMT are > 95%, while both the FN and FP

Table 1
Volumetric and spatial correspondence measures between the mouse brain atlas
image and the IMT.

Deoesr (%) FP (%) FN (%)
Corpus striatum (CPu) 87.40 7.17 5.56
Hippocampus (Hip) 75.05 20.14 12.08

Deoefr (%): Dice similarity coefficient (the excellent agreement value is > 80%).
FP (%): The proportions of false-positive (the optimal value is 0%).
FN (%): The proportions of false-negative (the optimal value is 0%).
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Fig. 6. Superimposing three representative
anatomical structures on the IMT. The se-
lected anatomical structures are extracted
from the constructed mouse brain atlas and
presented in artificial color. The co-regis-
tered mouse brain T2WI template is pre-
sented in gray-scale as a background. The
three selected anatomical structures are,
respectively, (A) corpus striatum, (B) so-
matosensory cortex, and (C) hippocampus.

Table 2
Volumetric and spatial correspondence measures between the normalized
MEMRI images and the IMT.

1-month old 2-month old 3-month old 5-month old
Deoesy (%) 95.03 + 0.48 95.90 = 0.19 95.96 + 0.25 95.50 * 0.38
FP (%) 8.16 + 0.62 6.23 *+ 0.68 5.29 *+ 0.40 6.51 = 0.74
FN (%) 7.39 + 0.51 5.73 + 0.61 4.87 + 0.35 5.94 + 0.65

D oefr (%): Dice similarity coefficient (the excellent agreement value is > 80%).
FP (%): The proportions of false-positive (the optimal value is 0%).
FN (%): The proportions of false-negative (the optimal value is 0%).

are < 10%. Therefore, we could conclude that all these individual
MEMRI images have been normalized into the IMT space precisely.

3.3.2. Data analysis of MEMRI images

The MEMRI images of developing 5XFAD mice were analyzed firstly
voxel-by-voxel and then based on significant ROIs. The data analysis
results are shown in Fig. 7 and Table 3.

Comparing with a group of age-matched wild-type mice, there are
extensive brain regions showing increased signal in 1-month-old 5XFAD.
The hyper-signal regions are decreased in 2-month-old 5XFAD, and gra-
dually increased in 3- and 5-month-old stages. As shown in Fig. 7A-D,
throughout all these development stages of 5XFAD, signal in the bilateral
hippocampus is always significantly increased. This superficial phenom-
enon is also appeared in amygdala, except at the stage of 3-month-old.

Moreover, bilateral of these two significant ROIs, hippocampus and
amygdala, were extracted and further analyzed. As shown in Fig. 7E-H,
comparing with wild-type mice, the signal of bilateral hippocampus in
5XFAD mice is always significantly increased during the development
stages, while it is increased in unilateral amygdala at 1-, 2- and 5-
month-old. In addition, these extracted ROI signals could be used in
correlation analysis with ethology [6].

4. Discussion

In this current study, a stereotaxic template set of mouse brain
named IMT was constructed for data analysis of MEMRI images, and a
group of developing 5XFAD mice were used for evaluation and appli-
cation. The IMT was in the widely used Paxinos and Franklin coordinate
space, together with a fine delineated digital mouse brain atlas image.
Furthermore, to make it easy to use in routine data analyses, the IMT is
incorporated with the SPM software.
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Fig. 7. Data analysis results of MEMRI images between 5XFAD and wild-type mice. (A-D) Voxel-wise analysis results. Comparing with the wild-type mice, the
significant changes in 5XFAD mice at 1-, 2-, 3- and 5-month-old are superimposed on the IMT respectively. These significant voxels are shown in different artificial
colors, while the anatomical structural image is presented in gray-scaled. The color bar stands for the T-value. (E-H) ROI-based quantitative analysis results.
According to the voxel-wise analysis results, two significant ROIs, hippocampus and amygdala, are further analyzed quantitatively. The MEMRI signals of bilateral
ROIs were analyzed between 5XFAD and wild-type mice at 1-, 2-, 3- and 5-month-old respectively. (**P < 0.01, ***P < 0.001, Amy: amygdala, Hip: hippocampus,

R: right, L: left).

Our primary objective was to establish an effective and objective
data analysis platform for MEMRI studies, in which a template set is
prerequisite. The template image is always used as a standard reference
in spatial normalization, so that it should be typical of the population's
brain anatomy and has greater cross-subject validity [34]. In hence, a
template image constructed from multi-subjects is preferable for group-
level analysis. Therefore, in this study, a population IMT set was created
for mouse brain using a validated template construction process
[21,26], by iteratively registering and averaging. As shown in Fig. 4,
the boundary of anatomical regions in IMT is smooth.

MEMRI images the distribution of Mn®* with high sensitivity,
which has been widely used for acquiring and analyzing data from the
developing mouse brain [6,11]. Recently, a set of MEMRI templates of
neonatal mouse brain between postnatal day 1 (P1) to P11 has been
created [11], which has facilitated the early postnatal studies. In this
study, an adult MEMRI template was created and application in late
infancy researches, comprising stages of brain development between 1-
month to 5-month. It was found that the spatial normalization of
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individual MEMRI images of developing mouse brain to the IMT space
was satisfactory. Although the whole brain volume is always devel-
oping from 1-month-old to 5-month-old, the accuracy of spatial nor-
malization is stabilized. As illustrated by the quantitative evaluation
results (Table 2), the D, between each normalized individuals in
different developing stages and the IMT, comprising both the whole
brain and sub-anatomical structures, is always higher than 95%, while
both the FN and FP are always < 10%. Therefore, the IMT is an im-
provement and supplementary of previous studies.

In neuroimaging studies, an atlas image is also important, offering
the stereotaxic sub-anatomical information, such as the Anatomical
Automatic Labeling (AAL) atlas [35] and JHU white-matter tracto-
graphy atlas [36] in human brain studies. Complementary to create an
atlas image based on neuroimages [11,12], constructing a digital atlas
image based on histological figures could identify subtle sub-anato-
mical structures. In this study, we created a digital mouse brain atlas
image from the 2nd edition of Paxinos and Franklin atlas, in which 707
sub-anatomical structures in three dimensions were delineated (Fig. 5
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Table 3

Brain regions with significant differences between 5XFAD and wild-type mice at
1-, 2-, 3-and 5-month-old via voxel-wise analysis (P < 0.001) and FDR cor-
rection for multiple comparisons at the cluster level.

MAX_T Clusters X Y Z

1-month-old

Amygdala right 5.1650 90 1.9899 5.0852 —1.8713
Caudate Putamen right 7.0056 230 0.9099 2.2840 0.9180
Cingulate Cortex left 6.1521 124 —0.6399 1.5268 0.0882
Habenula Nucleus right 7.6164 43 0.2337 2.1681 —0.9638
Hippocampus left 5.3922 34 —0.0585 1.7104 —1.6746
Hippocampus right 10.8485 163 0.3297 2.0392 —1.3184
Retrosplenial Cortex right 6.4005 65 0.2283 1.1400 —2.3879
Septal left 6.3594 46 —0.4431 21381 —0.0221
Septal right 5.7424 66 0.3321 2.5488 0.0992
Somatosensory Cortex right  5.4057 63 1.2921 1.4968 0.0842
Medial Prefrontal Cortex 6.3840 163 —0.6387 1.7184 —0.1446

left

2-month-old

Amygdala left 5.0261 32 —2.5557 4.2224 -1.8736
Hippocampus left 5.1215 39 -0.7335 1.9678 —1.0821
Hippocampus right 6.2314 53 0.1353 1.8427 —1.2029
3-month-old

Hippocampus left 5.2216 196 —3.1335 4.4714 —2.9278
Ventral Tegmental Area 7.9898 39 0.5391 4.6939 —3.4023

right

5-month-old

Amygdala left 5.0334 28 —2.6529 4.1044 —2.1101
Hippocampus left 5.6186 264 —2.7483 4.2817 —2.5781
Hypothalamus left 5.4942 21 -0.9201 3.0246 —2.3621
Thalamus left 6.0514 251 —1.1151 2.7244 —2.2479
Visual Cortex left 6.4460 67 —2.3805 0.9425 —4.3847

and Appendix 0). The atlas image can mainly be used for assistance in
localizing the voxel-wise analysis results, and automatically extracting
sub-anatomical structures in ROI-wise analysis. Each sub-anatomical
structure in this atlas image was assigned an integral value, which
served not only as a database index but also as the voxel intensity.
Therefore, a sub-anatomical structure could be easily located and ex-
tracted from the atlas by just reading the image intensity of each voxel.
Furthermore, to preserve information concerning laterality, each sub-
anatomical structure was assigned an odd/even integer for left/right.
Moreover, these sub-anatomical structures could be merged optionally
according to different researches.

The central piece of our efforts was to make the Paxinos and
Franklin's mouse brain atlas image available in the coordinate space of
IMT. In the view of our previous experience [21,22], the strategy of
converting the atlas image into a pseudo MRI image was adopted and
further improved. In this study, only gray matters of mouse brain were
used in the image registration of the atlas and template. As shown in
Fig. 3 and Fig. 6, the IMT has been co-registered with the mouse brain
atlas excellently. Moreover, the method of manually tracing is always
regarded as a golden standard, so that an expert was invited to trace out
the CPu and Hip from the T2WI template image in IMT, blinded to the
atlas image. Although the boundary of the substructures are not clear
enough in MRI image, the volumetric and spatial correspondence
measures between the atlas and template are also satisfactory. There-
fore, by co-registering with the atlas image, the IMT is in the stereotaxic
coordinate space of Paxinos and Franklin, and also has fine sub-ana-
tomical structures delineations.

The usage and accuracy of a newly created template is always
evaluated by applicating it in different studies. In this study, a group of
developing 5XFAD mice at 1-, 2-, 3-, and 5-month-old were used to
demonstrate the usage of IMT. By the voxel-wise analysis of MEMRI
images, the locations of significant abnormal neuronal activity in
5XFAD mice at 1-, 2-, 3- and 5-month-old were found, which might
reveal the progression of Alzheimer's disease. In this study, it was found
the significantly increased signal in hippocampus of 5XFAD, which was
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consistent with the previous studies [6,37]. What's more, our study
suggested some new discoveries which was not found in our previous
study [6] by manual-trace ROI analysis. Interestingly, abnormal neu-
ronal activity in many regions occurred in 5XFAD mice at 1-month-old,
including amygdala, hippocampus, retrosplenial cortex, medial pre-
frontal cortex, cingulate cortex, caudate putamen, somatosensory
cortex and septal. A previous study also reported alterations in similar
regions in AD mice at 4-week-old [37]. The neuronal activity changes
during the developmental stages might be associated with pre-patho-
genesis in AD. In addition, the abnormal neuronal activity in hippo-
campus and amygdala was observed at early stage and sustained to 5-
month-old in 5XFAD mice. In our previous study, it has found the im-
pairment of spatial reference memory in 5XFAD since 1-month-old [6].
Both hippocampus and amygdala plays an important role in spatial
learning and spatial reference memory [38-40]. We could speculate
that the abnormal neuronal activity in hippocampus and amygdala
might contribute to cognitive impairment in AD.

Moreover, the IMT is not only limited in MEMRI studies of mouse
brain. It could be generalized in multi-modality MRI imaging data
analyses, such as T2WI structural images, functional MRI (fMRI)
images, and arterial spin labeling (ASL) images and so on.
Conventionally, using the intensity-based registration method, multi-
modality template images should be constructed for multi-modality
images analyses, such as the T1-weighted template, the proton density
(PD) template, and the positron emission tomography (PET) template in
Montreal Neurological Institute (MNI) space for human brain studies
[34]. Up to date, using the DARTEL algorithm in SPM, the spatial
normalization is performed based on image segmentation, so that a set
of TPM is enough. Our constructed TPM of mouse brain is compatible
with the latest version of SPM. Based on this TPM, the DARTEL algo-
rithm in SPM12 could be employed in spatial normalization of mouse
brain images, which performs iteratively by segmenting the gray matter
tissues from individual images and then registering them with the GM
in TPM [24,25]. Therefore, based the TPM in IMT, multi-modality
images of mouse brain could be spatially normalized and further ana-
lyzed. However, based on the DARTEL algorithm, the accuracy of
spatial normalization is mainly depending on the segmentation of gray
matters, which performs based on the individual image contrast and a
prior location information, so that the segmentation would be failed
when the image resolution is too low. Therefore, the limitation of the
TPM in IMT is that it is not suitable for mouse brain images acquired on
3T MRI or lower.

In addition, as the IMT comprises not only the intracranial tissues
but also the extracranial parts, manually exclude extracranial tissues of
individual images prior to spatial normalization is not required any
more, which is time-consuming and labor-intensive.

5. Conclusion

In conclusion, we have constructed a stereotaxic template set of
mouse brain named IMT with fine delineations of sub-anatomical
structures in Paxinos and Franklin space, which is compatible with
SPM. We believe that the IMT can properly support collaborations to
answer important questions, such as the longitudinal trajectories of
diseased brain functional developing, the consistency of functional
connectivity across a population and so on. By providing an open IMT
and software package for data analysis of mouse brain, the IMT will
assist researchers pursuing the challenging diseases and further our
understanding.
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Appendix A

Detailed information on some of the 707 structures included in the mouse brain atlas by Paxinos and Franklin and presented in Fig. 5B.

VOI ID Structural name Abbreviation Index; * Indexg*
1 Retrosplenial granular cortex RSG 1349 1350
2 Retrosplenial agranular cortex RSA 1347 1348
3 Medial parietal association cortex MPtA 1053 1054
4 Lateral parietal association cortex LptA 885 886
5 Secondary visual cortex, lateral area V2L 1593 1594
6 Primary somatosensory cortex, barrel field S1BF 1363 1364
7 Secondary auditory cortex, ventral area Auv 263 264
8 Temporal association cortex TeA 1575 1576
9 Ectorhinal cortex Ect 545 546
10 Perirhinal cortex PRh 1273 1274
11 Piriform cortex Pir 1173 1174
12 Posterolateral cortical amygdaloid nucleus (C2) PLCo 1177 1178
13 Posteromedian cortical amygdaloid nucleus (C3) PMCo 1187 1188
14 Amygdalohippocampal area, anterolateral part AHIAL 155 156
15 Basomedial amygdaloid nucleus, posterior part BMP 299 300
16 Basolateral amygdaloid nucleus, ventral part BLV 295 296
17 Ventral endopiriform nucleus VEn 1609 1610
18 Dorsal emdopiriform nucleus DEn 461 462
19 Basolateral amygdaloid nucleus, posterior part BLP 293 294
20 Basolateral amygdaloid nucleus, anterior part BLA 291 292
21 Lateral amygdaloid nucleus, ventrolateral part LaVL 783 784
22 Lateral amygdaloid nucleus, ventromediall part LavVM 785 786
23 Lateral amygdaloid nucleus, dorsolateral part LaDL 777 778
24 Caudate putamen (striatum) CPu 407 408
25 Internal capsule ic 667 668
26 Amygdalo striatal transition area AStr 1721 1722
27 Central amygdaloid nucleus, lateral division CeL 359 360
28 Bed nucleus of the stria terminalis, intra-amygdaloid division BSTIA 309 310
29 Medial amygdaloid nucleus, posterodorsal part MePD 961 962
30 Medial amygdaloid nucleus, posterobentral part MePV 963 964
31 Lateral ventricle LV 905 906
32 Fimbria of the hippocampus fi 575 576
33 Optic tract opt 1093 1094
34 Supraoptic decussation SOX 1503 1504
35 Cerebral peduncle, basal part cp 403 404
36 Reticular thalamic nucleus Rt 1351 1352
37 External medullary lamina eml 553 554
38 Medial lemniscus ml 989 990
39 Subthalamic nucleus STh 1537 1538
40 Zona incerta, ventral part ZIV 1713 1714
41 Zona incerta, dorsal part ZID 1711 1712
42 Nigrostriatal bundle ns 1079 1080
43 Magnocellular nucleus of the lateral hypothalamus MCLH 921 922
44 Lateral hypothalamic area LH 805 806
45 Mammillothalamic tract mt 1063 1064
46 Al11 dopamine cells All 115 116
47 Posterior hypothalamic area PH 1167 1168
48 Dorsomedial hypothalamic nucleus, dorsal part DMD 487 488
49 Dorsomedial hypothalamic nucleus, compact part DMC 485 486
50 Dorsomedial hypothalamic nucleus, ventral part DMV 497 498
51 Perifornical nucleus PeF 1159 1160
52 fornix f 569 570
53 Terete hypothalamic nucleus Te 1573 1574
54 Medial tuberal nucleus MTu 1067 1068
55 Ventromedial hypothalamic nucleus, ventrolateral part VMHVL 1669 1670
56 Ventromedial hypothalamic nucleus, central part VMHC 1665 1666
57 Ventromedial hypothalamic nucleus, dorsomedial part VMHDM 1667 1668
58 Arcuate hypothalamic nucleus, dorsal part ArcD 217 218
59 Arcuate hypothalamic nucleus, lateral part ArcL 219 220
60 Median eminence ME 941 942
61 3rd ventricle 3V 71 72
62 Periventricular hypothalamic nucleus Pe 1157 1158
63 Ventromedial thalamic nucleus VM 1661 1662
64 Superior cerebellar peduncle (brachium conjunctivum) scp 1289 1290
65 Ventral posterolateral thalamic nucleus VPL 1681 1682
66 Ventral posteromedial thalamic nucleus VPM 1683 1684
67 Posterior thalamic nuclear group Po 1209 1210
68 Dorsal lateral geniculate nucleus DLG 473 474
69 Ventral lateral geniculate nucleus VLG 1617 1618
70 Lateral posterior thalamic nucleus, laterorostral part LPLR 877 878
71 Lateral posterior thalamic nucleus, mediocaudal part LPMR 881 882
72 Centrolateral thalamic nucleus CL 391 392
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73 Paracentral thalamic nucleus PC 1137 1138
74 Oval paracentral thalamic nucleus OPC 1089 1090
75 Central medial thalamic nucleus CM 397 398
76 Mediodorsal thalamic nucleus, medial part MDM 937 938
77 Mediodorsal thalamic nucleus, central part MDC 931 932
78 Mediodorsal thalamic nucleus, lateral part MDL 935 936
79 Fasciculus retroflexus fr 583 584
80 Lateral habenular nucleus, lateral part LHbL 809 810
81 Lateral habenular nucleus, medial part LHbM 811 812
82 Habenular commissure hbc 619 620
83 Medial habenular nucleus MHb 977 978
84 Dorsal 3rd ventricle D3V 453 454
85 Paraventricular thalamic nucleus PV 1289 1290
86 Superior cerebellar peduncle (brachium conjunctivum) scp 1403 1404
87 Intermediodorsal thalamic nucleus IMD 691 692
88 Posteromedian thalamic nucleus PoMn 1213 1214
89 cingulum cg 369 370
90 Corpus callosum cc 353 354
91 Alveus of the hippocampus alv 173 174
92 Oriens layer of the hippocampus Or 1095 1096
93 Pyramidal cell layer of the hippocampus Py 1297 1298
94 Stratum Rad 1305 1306
95 Stratum lucidum, hippocampus SLu 1461 1462
96 Lacunosum molecular layer of the hippocampus LMol 819 820
97 Molecular layer of the dentate gyrus Mol 1005 1006
98 Granular layer of the dentate gyrus GrDG 613 614
99 Polymorph layer of the dentate gyrus PoDG 1211 1212
100 Dentate gyrus DG 465 466
101 Dorsal fornix df 463 464
102 Fasciola cinereum FC 571 572
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