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ARTICLE INFO ABSTRACT

Keywords: Purpose: Positron emission tomography (PET) is a non-invasive imaging tool for the evaluation of brain function
Positron emission tomography and neuronal activity in normal and diseased conditions with high sensitivity. The macaque monkey serves as a
PET

valuable model system in the field of translational medicine, for its phylogenetic proximity to man. To translation
of non-human primate neuro-PET studies, an effective and objective data analysis platform for neuro-PET studies
MRI is needed.

Template Materials and methods: A set of stereotaxic templates of macaque brain, namely the Institute of High Energy
Ischemia Physics & Jinan University Macaque Template (HJT), was constructed by iteratively registration and averaging,
based on 30 healthy rhesus monkeys. A brain atlas image was created in HJT space by combining sub-anatomical
regions and defining new 88 bilateral functional regions, in which a unique integer was assigned for each sub-
anatomical region.

Results: The HJT comprised a structural MRI T1 weighted image (T1WI) template image, a functional FDG-PET
template image, intracranial tissue segmentations accompanied with a digital macaque brain atlas image. It is
compatible with various commercially available software tools, such as SPM and PMOD. Data analysis was
performed on a stroke model compared with a group of healthy controls to demonstrate the usage of HJT.
Conclusion: We have constructed a stereotaxic template set of macaque brain named HJT, which standardizes
macaque neuroimaging data analysis, supports novel radiotracer development and facilitates translational neuro-
disorders research.

Macaque
Brain

1. Introduction the field of translational medicine (Zhang and Shi, 1993). Complemen-
tary to human brain studies, investigations into the functional and mo-

Owing to the phylogenetic proximity to human, the macaque monkey lecular information of macaque brain via non-invasive imaging
(rhesus and cynomolgus) has been served as a valuable model system in technologies facilitate our understanding of the central nervous system,
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contribute to pathogenesis research and accelerate drug development.
Positron emission tomography (PET) is a non-invasive in vivo imaging
technology that is commonly used in basic research and clinical trials.
With the assistance of PET radiotracers and the structural information
provided by magnetic resonance imaging (MRI), PET imaging can help us
evaluate brain function and neuronal activity in normal and diseased
conditions with high sensitivity. Therefore, it is necessary to develop an
efficient data analysis method for macaque neuroimaging, which could
facilitate better understanding of translational benefits from non-human
primate (NHP).

To make precise inference and interpretation of neuroimaging results,
a predefined imaging modality template, is requisite in both voxel- and
region-of-interest (ROI)-based neuroimaging data analysis. When neu-
roimaging data from each subject is typically transformed into a common
space, such as the Montreal Neurological Institute (MNI) template space
(Mazziotta et al., 2001), group comparisons and longitudinal tracking
across time could be performed. Moreover, ROIs in template space could
be extracted automatically and objectively (Tzourio-Mazoyer et al.,
2002). A population brain template, usually derived from multiple in-
dividuals imaging data, has been proved to be an accurate, reproducible
and consistent tool for analysis and comparison of functional brain im-
ages since it has greater cross-subject validity via increasing statistical
power (Friston et al., 1999).

In past decades, several structural MRI brain templates of macaque
with high spatial resolution have been developed (Black et al., 2004;
McLaren et al., 2009; Quallo et al., 2010; Frey et al., 2011; Van Essen
et al., 2012; Seidlitz et al., 2018; Rohlfing et al., 2012). Although the PET
images could be normalized via the corresponding MRI T1 weighted
image (T1WI) structural template (which called MRI-aided registration),
many imaging studies have demonstrated that the normalization accu-
racy has been substantially improved when registering the individual
PET images to the same modality PET template (Collantes et al., 2009;
Chae et al., 2014). For instance, in human brain studies, PET template
images with different radiotracers have been constructed, such as
Tau-PET template, D2-receptor PET template, as well as [‘®F]fludeox-
yglucose (FDG)-PET template (Meyer et al., 1999) which was derived
from 152 subjects in MNI space. However, in NHP research, because only
a limited number of sample sets was used in an FDG-PET template (six
health rhesus macaques) (Cross et al., 2000) and dopamine receptor PET
template (eleven cynomolgus macaques) (Collantes et al., 2009), it is still
imperative to construct a population PET template image from a large
cohort of macaques to facilitate brain studies in NHP. In addition, since
different radiotracers have different image intensity distributions,
frequently, in the specific receptor PET imaging studies, the MRI-aided
registration method is always used (Cho et al., 2016; Chiotis et al.,
2018), Serving as a bridge between the receptor images and the common
template space, is always used. Therefore, a new macaque brain MRI
template with an approximate spatial resolution to PET images is highly
beneficial.

In this study, a large cohort of rhesus macaques underwent PET and
MRI scans, and then iteratively registered and averaged using a validated
template-creation process (Mazziotta et al., 2001; Friston et al., 1999; Nie
et al., 2013, 2014, 2019; Liang et al., 2017; Huang et al., 2018). The
resulting template, namely, the Institute of High Energy Physics & Jinan
University Macaque Template (HJT) mainly contains four parts: (1) the
population T1WI structural template, which is mainly used for MRI-aided
normalization in the receptor or new radiotracers PET imaging studies;
(2) the population FDG-PET functional template, which is mainly used
for FDG-PET studies; (3) a set of tissue probability maps (TPM), which is
mainly used for tissue segmentation; (4) a functional atlas image, which
is mainly used for sub-functional regions segmentation. The constructed
HJT also shared a same coordinate space with the D99-SL template
(Reveley et al., 2017), so that sub-anatomical segmentation could be
automatically applied. To improve the visualization of neuroimaging
data analysis, HJT surfaces were also constructed. As proof-of-concept,
we have successfully demonstrated the spatial normalization capability
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of HJT using FDG-PET data obtained from different PET centers.
Single-subject voxel-wised analysis has been performed on an ischemic
monkey model (Chen et al., 2015a) and a group of healthy controls,
demonstrating the usage and accuracy of HJT.

Our constructed HJT is packed in a commonly used NIFTI format,
which is compatible with many commercially available software tools,
such as Statistical Parametric Mapping (SPM) and PMOD (https:
//www.pmod.com/web/). Furthermore, the HJT volume, segmenta-
tions, and surface representations in HJT will be openly available to the
research community (see Supporting Information). This package will
demonstrate a standardized macaque brain coordinate system for local-
izing any spatial neuroimaging data and rationalizing both single- and
multi-subject hybrid PET/MRI data analysis, which is beneficial for cross-
animal imaging comparative studies.

2. Material and methods
2.1. Subject information

For HJT construction, a number of healthy rhesus macaques (Macaca
mulatta) were used for MRI scan. Two experienced veterinary staff
evaluated and confirmed the health condition of the monkey, and among
them, 30 healthy rhesus monkeys were selected for neuroimaging data
collection. The monkeys were young and adults between 5 and 12 years
old when scanned (average of 7.9 years). The ages of the 21 females and
nine males were comparable (7.7 +£2.3 and 8.4+ 1.5 years, respec-
tively). The monkeys weighed 7.0kg on average at the time of scan
collection, with the males weighing slightly more than the females on
average (8.1 £ 1.1 vs. 6.6 + 1.5 kg). All of these 30 rhesus monkeys were
also used for FDG-PET imaging (Table S1). None of these monkeys used
in this study had undergone an invasive brain procedure (e.g.,
craniotomy).

To evaluate the compatibility of HJT for processing neuro-PET data
from different sub-species of monkeys, different site/scanner and
neurologic disease model, 1 rhesus macaque (male, 10 years, 8.0kg), 1
cynomolgus monkey (female, 3 years, 2.7 kg) and 1 ischemic stroke
cynomolgus model (male, 8 years, 7.5kg) were also used for FDG-PET
data collection (Table S2). Furthermore, another ten healthy cyn-
omolgus macaques (male, 7.3 £ 5.6 years, 5.2 + 2.7 kg) received FDG-
PET/CT brain scans; the data were used as a control group for single-
subject voxel-wised analysis of the index of glucose metabolism in
stroke model brain (Table S3).

The flowchart for HJT construction, evaluation, and the application
was summarized in Supplementary Scheme S1.

The research protocol for the macaque neuroimaging study was
approved by the Laboratory Animal Ethics Committee, Jinan University
and its collaborative animal facility (Guangzhou), and/or Animal Care
and Use Committee of the Chinese Academy of Sciences (Beijing), China.

2.2. Data acquisition

2.2.1. MRI data acquisition

T1-weighted MR anatomical images were acquired on a 3.0 T scanner
(GE Discovery 750, Milwaukee, USA) at the PET/CT-MRI center in the
First Affiliated Hospital of Jinan University.

Each macaque was anesthetized with ketamine (10 mg/kg; intra-
muscular injection) and placed into the scanner in the supine position. A
circular 32-channel array head coil was placed on top of the monkey’s
head. The whole-brain images were acquired with a 3D Bravo T1
sequence (TR=8.4ms, TE=3.4ms, TI=450ms, slice thick-
ness = 1.1 mm, matrix size =256 x 256, FOV =18 x 18 cm). Each scan
was acquired within 10 min.

2.2.2. PET data acquisition
Forty-two macaques were scanned on a PET/CT system (GE Discovery
Elite 690, USA, Spatial Resolution 4-5 mm) at the PET/CT-MRI center in
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the First Affiliated Hospital of Jinan University in Guangzhou, including
the 30 healthy rhesus macaques, 11 healthy cynomolgus and one
ischemic stroke model. Another rhesus, from Primate Research Center,
State Key Laboratory of Brain and Cognitive Science, was scanned at the
Institute of High Energy Physics (IHEP) in Beijing with an animal PET
system (E-plus260, IHEP, CAS, China, Spatial Resolution ~ 2.0 mm)
(Chai et al., 2019). FDG was obtained from Guangzhou HTA Co., Ltd and
Beijing HTA Co., Ltd, respectively, with high quality.

All the monkeys were deprived of food for 12-15h before FDG in-
jection, but allowed to drink water at any time. Each monkey was
intravenously injected 0.7-0.9 mL of FDG (18.5 MBq/1000g of body
weight) while awake, then kept with minimal ambient noise and light in
an isolated and shielded area. After 50 min, the macaque was anes-
thetized with ketamine (10 mg/kg; i.m.), placed into the scanner, and
maintained in light narcosis with 2% isoflurane and 98% oxygen. Head
position was fixed with a stereotactic frame. The body of the subject was
in the supine position.

Protocols in Guangzhou: CT scan was performed firstly, followed by
an 8-min static positron emission data collection at 60 min post-injection.
CT data were acquired for attenuation-corrections. PET data were
collected with a slice thickness of 3.27 mm, slice interval of 3.75mm,

A
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matrix size of 256 x 256 and scan FOV of 70 cm in 3D time-of-flight
(TOF) mode. The CT data were reconstructed in standard mode with
DFOV of 30cm and window width/window level 100/45, advanced
statistical iterative reconstruction 40%. The PET data were attenuation-
corrected by integrated CTAC technology. In addition, in this study, we
used the SharplIR algorithm, developed by GE Healthcare, which incor-
porated the point spread function (PSF) correction at sinogram level
followed the method established by Alessio et al., in 2006 (Alessio et al.,
2006). In practice, a fixe measurement for radical and axial detector
response was taken, normalized and mapped to a model for every sino-
gram element. A detector matrix was achieved when this modeling
process was done for the entire detector space, which was then incor-
porated into the reconstruction method (Rapisarda et al., 2010). Thus,
the PET data were then reconstructed in terms of the point spread
function (PSF) together with TOF technology with DFOV of 30 cm.
Protocols in Beijing: the Eplus-260 animal PET system has axial FOV
of 64 mm and transverse FOV of 190 mm, with a spatial resolution of
1.5 mm at CFOV. The rhesus macaque was scanned on this system for two
animal bed positions with 10 min for each bed position. Data were ac-
quired in full 3D acquisition mode with a slice thickness of 1.0 mm.
Corrections including decay, dead time, random, normalization, and
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Fig. 1. Flow chart for creating population HJT in Saleem and Logothetis atlas space (2012), comprising (A) a T1WI structural template and a set of TPM, and (B) an
FDG-PET functional template. Step a0: T1-weighted MRI scans were collected from 30 macaque monkeys in vivo. Step al: These anatomical images were skull striped
using Brain Extraction Tool (BET). Step a2: All these intracranial images were spatially normalized into a common space defined by D99-SL template in Saleem and
Logothetis atlas space (2012), and carried their corresponding original T1WI structural images along. These normalized images were averaged to create a mean T1WI
structural image. Using this mean T1WI image as a new reference, all the individual images were registered and averaged recursively, until the SD between two
adjacent mean T1WI images is less than 5%. The latest mean T1WI image is accepted as the final population TIWI structural template. Step a3: This TIWI template
was initially segmented into six tissue class maps based on image intensity using FSL (FMRIB Software Library), comprising three intracranial tissue classes - GM, WM
and CSF, and three extracranial parts - skull, extracranial soft tissues and background. Step a4: Using this initial segmentation as a reference, all the 30 individual TIWI
images were segmented and normalized by DARTEL algorithm in SPM12. Step a5: These normalized tissue class maps were averaged and regularized to create a mean
TPM. Step a4 and Step a5 were executed recursively until the SD between two adjacent mean TPM is less than 5%. The latest TPM was accepted as the final population
TPM. This population TPM was further used as a reference template in the construction of population FDG-PET template image. Step bO: FDG-PET images were
collected from 25 macaque monkeys in vivo. Step b1: These functional images were normalized into the Saleem and Logothetis atlas space via the TPM created in Step
a3, using DARTEL algorithm in SPM12. Step b2: The population FDG-PET template was finally created by averaging from these normalized FDG-PET images.



B. Nie et al.

scatter corrections were applied. Attenuation is corrected based on the
image segmentation method (Chai et al., 2019). Data were reconstructed
using OSEM-PSF (4 iterations, subsets 12) algorithm, with a matrix size
of 380 x 380 and a pixel size of 0.5 x 0.5 mm?.

2.3. Construction of the population HIT

The flowchart for establishing population HJT is shown in Fig. 1. The
HJT comprised a population TIW structural template image, a set of
population TPM, and a population FDG-PET functional template image.

2.3.1. Construction of a population T1WI structural template in HIT

As shown in Fig. 1A, all these 30 T1WI structural images of rhesus
brain were firstly semi-automatically skull stripped using Brain Extrac-
tion Tool (BET) (Popescu et al., 2012) in FSL (FMRIB Software Library)
(Step al) and then manually corrected. Then a population T1WI struc-
tural template in HJT was created recursively by spatially registering and
averaging (Step a2). In detail, all these intracranial images were spatially
normalized into a common space defined by D99-SL (Reveley et al.,
2017) in Saleem and Logothetis atlas space (Saleem and Logothetis, 2012),
using 12-parameter affine transformation and then non-linear registra-
tion method, and carried their corresponding original TIWI structural
images. Then, a new reference image was created by averaging these
normalized intracranial images. Based on this new reference image, all
the original images were normalized and averaged iteratively. When the
mean standard residual difference (SD) between two adjacent averaged
images is less than 5% (Nie et al., 2013, 2019; Huang et al., 2018), the
iteration is stopped. Finally, the latest mean image is accepted as the final
population TIWI structural template, as shown in Fig. 2A.

2.3.2. Construction of a set population TPM in HIT

As shown in Fig. 1A, firstly, the constructed T1WI structural template
in Step a2 was initially segmented into six types based on image intensity
using FSL. These six parts comprise the gray matter (GM), the white
matter (WM), the cerebrospinal fluid (CSF), skull, extracranial soft tissues
and background (Step a3). These six segmentations in HJT space were

B. FDG-PET

Template

C. PET-MRI
Fusion
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then saved as a 4D mask image.

Then the population TPM of macaque was created iteratively by tissue
segmentation, registering and averaging in SPM12 (Friston, 1995) (Step
a4 and Step a5). In detail, using this initial segmentation as a reference
(Step a3), all the 30 original TIWI images were segmented and normal-
ized by the diffeomorphic anatomical registration through exponentiated
lie (DARTEL) algorithm (Mak et al., 2011) (Step a4). Then, these
normalized tissue class maps were averaged and regularized to create a
mean 4D-TPM and selected as a new reference (Step a5). All the 30
original TIWI images were segmented, registered, averaged and regu-
larized iteratively. Finally, when the SD between two adjacent GM of
mean TPM is less than 5%, the latest mean 4D-TPM is accepted as the
final population TPM in HJT, of which the intracranial tissue class maps
were shown in Fig. 3.

2.3.3. Construction of a population FDG-PET functional template in HJIT

Using the constructed population TPM as a reference input, each in-
dividual FDG-PET image was normalized into the HJT space by DARTEL
(Mak et al., 2011) in SPM12 (Step b1). A new reference FDG-PET image
was created by averaging these normalized FDG-PET images. Based on
this new reference image, all these original FDG-PET images were
normalized and averaged iteratively, until the SD between two adjacent
mean FDG-PET images is less than 5%. The latest mean FDG-PET image is
accepted as the final population FDG-PET functional template (Step b2),
as shown in Fig. 2B.

Finally, to facilitate seamless integration with previous work, we
maintained a similar coordinate space as the D99-SL template (Reveley
et al., 2017) and the NMT template (Seidlitz et al., 2018). The origin of
HJT is located at the center of the anterior commissure. The grid is
organized with RAI (‘Neurological’) index order, in which the x-axis
stands for medial-to-lateral, the y-axis stands for anterior-to-posterior
(AP), and the z-axis stands for superior-to-inferior (SI).

2.4. Construction of sub-functional regions segmentation of the HJIT

Our established HJT shares a similar coordinate space with the D99-

Fig. 2. Axial slices of the HJT. (A) Whole head anatomical TIWI template image. (B) Whole head functional FDG-PET template image. (C) Superimposing the
intracranial FDG-PET template on the whole head T1WI anatomical template image. The functional images were presented in warm color, while the anatomical images

were presented in gray-scaled as background.
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Fig. 3. Axial slices of intracranial tissue segmentation of HJT. (A) The gray matter of TPM. (B) The white matter of TPM. (C) Superimposing the intracranial tissue
class segmentations on the whole head T1WI anatomical template image. The intracranial tissue segmentations were presented in pseudo-color (gray matter, red;

white matter, yellow; cerebrospinal fluid, blue), while the anatomical images were presented in gray-scaled as background.
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SL (Reveley et al., 2017), which would be beneficial to extracting ROI
automatically from the fine delineations of sub-anatomical brain regions.
Given the intrinsic spatial resolution of PET images, these fine delineated
sub-anatomical regions (Saleem and Logothetis, 2012) were further
combined according to their functions by an anatomist and a co-author
(S.L.) in this study. Moreover, according to previous PET studies (Wang
et al., 2016; Cheng et al., 2018), several commonly used regions were
newly defined, such as thalamus, pons, caudate, putamen and corpus
callosum. Finally, 44 functional regions were demonstrated. A new set of
integer indices was assigned to these 44 functional regions as shown in
Fig. 4. Odd/even integers were assigned for right/left corresponding
functional regions to preserve laterality information.

2.5. HJT surface construction

The HJT surface was constructed from the population TPM mainly for
viewing the statistical results in 3D space. In detail, the GM of the TPM
was extracted and saved as a mask image. It was then segmented into left
and right hemispheres halves, respectively. All these three mask images
were saved as a render surface file. The full view of HJT surface is
depicted in Fig. 5. By doing this, the significant regions, generated by
voxel-wised or ROI-based analyses, could be mapped onto this brain
surface with popular surface-based tools, such as the BrainNet View
toolkit (http://www.nitrc.org/projects/bnv/) (Xia et al., 2013).

2.6. Application the constructed template set in stroke studies

With the assistance of HJT, a single-subject voxel-wised analysis was
performed for analyzing an ischemic stroke cynomolgus macaque (Chen
et al., 2015a) and ten healthy cynomolgus controls voxel-by-voxel on the
platform of SPM12. Briefly, all the FDG-PET images from the ischemic
model and controls were normalized into the HJT space via our con-
structed FDG-PET template using affine and nonlinear transformations.
They were then resliced to 1 x 1 x 1 mm?®. These images were smoothed
by a Gaussian kernel with a full width half maximum (FWHM) of
2 x 2 x 2mm?>.

These preprocessed images were then conducted voxel-wised analysis
based on the framework of the general linear model (GLM) in SPM12. In
order to identify the differences of FDG signals between this ischemic
stroke cynomolgus macaque and healthy controls, a two-sample t-test
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was performed. To account for global confounds, an unbiased scale factor
was constructed and proportional scaling and intensity normalization
were applied (Nie et al., 2018). Finally, brain regions with significant
FDG changes were identified using p < 0.05 (FDR corrected) for voxel
intensities and 20 voxels for cluster-extent.

2.7. An FDG metabolic functional network construction

There are two critical elements in network construction, the node and
the edge. In HJT, the node could be defined easily by the functional atlas
image. The edge could be defined by calculating the correlation of the
FDG signal fluctuation. Therefore, we could conclude that the metabolic
functional network of macaque could be established easily based on the
HJT.

As an application example, a metabolic functional network was
constructed from the FDG-PET images of the 30 healthy macaques in
Gretna software (Wang et al., 2015). In this study, all the bilateral
functional regions defined in the functional atlas of HJT, 82 brain regions
(excluding the thalamus, corpus callosum and pons), were selected as the
network node. The SUVR of each region were extracted from these 30
healthy macaques, in which the unbiased scale factor was selected as the
reference (Nie et al., 2018). The Pearson’s correlations were calculated
between each pair of the regions. The correlation coefficient is regarded
as network connections. Finally, the metabolic functional network was
sparse and segmented into four modularity using the Greedy algorithm
(Zhang et al., 2019).

3. Results
3.1. Constructed HJT and tissue segmentations

Our constructed stereotaxic brain template set of macaques named
HJT is shown in Figs. 2 and 3 and available upon request. The population
T1WI structural template image is shown in gray-scaled in Fig. 2A with a
voxel size of 0.5 x 0.5 x 0.5 mm®. The population FDG-PET functional
template image is shown in pseudo-color in Fig. 2B with a voxel size of
1 x 1 x 1 mm?>. The intracranial segmentation of the constructed popu-
lation FDG-PET functional template is presented with pseudo-color and
superimposed on the T1WI template, as shown in Fig. 2C. The population
intracranial TPM is shown in Fig. 3, in which the GM, WM and CSF are

Fig. 5. The constructed HJT surface, which is compatible with other surface-based tools.
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shown in red, yellow and blue, respectively (Fig. 3C). As illustrated in
Figs. 2 and 3, the HJT set shares a common space.

3.2. Sub-functional regions segmentation of the HIT

In the process of neuroimaging data based on either voxel- or ROI-
based approaches, an automatic and accurate sub-anatomical segmen-
tation improves the accuracy, reproducibility and consistency. Recently,
two MRI brain structural templates of macaque named D99-SL (Reveley
et al., 2017) and NMT (Seidlitz et al., 2018) have been established, and
accompanied with a fine sub-anatomical delineated digital atlas image in
Saleem and Logothetis atlas (Saleem and Logothetis, 2012) space, in which
hundreds of them have been delineated. Considering the spatial resolu-
tion of PET imaging, the digital macaque brain regions were re-combined
and further defined in this work, generating a new functional macaque
brain atlas which contains 44 sub-functional regions. These
sub-functional regions are commonly used in PET imaging studies, such
as analysis of brain tissue time-activity curve of the radiotracer, and
computation of SUVR with specific brain region (i.e. cerebellum, white
matter, pons) as a reference (Chen et al., 2015b). The alignment of our
constructed template set to the digital anatomical atlas is shown in Fig. 4.
This digital functional atlas image is shown in color-scaled, and super-
imposed on the structural slices and 3D render of HJT. Detailed infor-
mation of these sub-functional regions was listed on the bottom panel,
comprising pseudo color and name. As illustrated, there is a high degree
of alignment between the atlas areas and HJT.

3.3. Constructed HJT surface

The constructed HJT surface is shown in Fig. 5, with details in the
left/right lateral view, the top/bottom dorsal view and the left/right
vertical section view. This surface is compatible with other popular
surface-based tools, such as the BrainNet View (Xia et al., 2013). It can be
used for viewing one or more sub-functional regions on a 3D render
surface. Furthermore, voxel-wised statistical results can also be overlaid

Original

A. Rhesus
(IHEP cohort)

B. Cynomolgus

(JNU cohort)

C. Stroke
modal
(JNU cohort) ™

Normalized Skull
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and saved as a picture (Fig. 7) or a movie (Supplementary movie). All
these views of the HJT surface could be used either simultaneously or
separately for different purposes.

3.4. Evaluation and application of the HIT

3.4.1. Spatial normalization of FDG-PET images

All the individual images are initially normalized into a standardized
space prior to statistical analysis, which is a critical step in PET data
analysis. To demonstrate the spatial normalization capability of HJT,
three FDG-PET data sets were used (Table S2), which were obtained from
different imaging centers and different subtypes of macaque. All these
FDG-PET images were normalized into the HJT space via the FDG-PET
template using affine and nonlinear transformations. The normalization
results were shown in Fig. 6, comprising with a healthy rhesus macaque
from THEP cohort (Fig. 6A), a healthy cynomolgus macaque (Fig. 6B) and
a stroke model cynomolgus (Fig. 6C) from JNU cohort. These original
FDG-PET images (first column) can be normalized into the HJT space
directly, without time-consuming and labor-intensive skull stripping by
manually methods. After spatial normalization (second column), the
skull is stripped (third column) directly using the intracranial mask
image of HJT. Moreover, different tissue classes are segmented using the
TPM of HJT, such as the gray matter (fourth column). All the sub-
functional regions of interest can also be extracted easily using the
atlas of HJT, such as the striatum (fifth column).

To quantitatively evaluate the spatial normalization result, the Dice
similarity coefficient (DS;) (Gutierrez and Zaidi, 2012) was calculated
between the ten normalized healthy cynomolgus macaques (IMj,q;) and
the constructed FDG-PET template image (IMienp). The DS, is the volume
overlap metric which quantifies the intersection between the template
and normalized individual by their mean volume (the excellent agree-
ment value is >80%) as in Eq. (1).

My N IM ey

DS, =2 X ———
IMiygi + M

(€Y

Gray matter Striatum

striped segmented extracted

Fig. 6. Qualitative evaluation of the efficiency for spatial normalization based on HJT. One axial slice of three example macaques from different cohorts were
demonstrated, including one healthy rhesus from IHEP, one healthy cynomolgus and one stroke modal from JNU. All these original images were normalized into the
HJT space according the FDG-PET template. Then, the skull could be striped automatically by the intracranial mask. The tissue classes could be separated according to
the TPM, such as the gray matter. Moreover, any sub-anatomical region could be segmented by the atlas, such as the striatum.
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The mean DS, between the individual images and the template im-
ages is 0.90 £ 0.09.

As illustrated both by qualitatively and quantitatively, we could
conclude that all these individual FDG-PET images, from different im-
aging centers and different subtypes of macaque, are normalized into the
HJT space precisely.

3.4.2. Application the HJT in ischemic stroke studies

Comparing with healthy controls, the FDG-PET image of an ischemic
stroke cynomolgus macaque was analyzed voxel-by-voxel (Table S3 and
Fig. 7). As illustrated above and shown in Fig. 6B and C, there is a high
degree of alignment between the healthy controls/stroke model and HJT
set. The voxel-wised analysis results were presented in color-scaled
superimposing on a 3D render surface of HJT using the BrainNet View
toolkit (Xia et al., 2013), and axial slices of the structural image of a
single macaque in HJT space, as shown in Fig. 7. The warm pseudo-color
represented hyper-metabolic regions of ischemic stroke cynomolgus
comparing with the healthy controls, while the cold pseudo-color stood
for hypo-metabolic regions. Moreover, as illustrated in Table 1, the
hypo-metabolic voxels located in the regions of the amygdala, motor
cortex, prefrontal cortex, auditory cortex, entorhinal cortex and temporal
cortex, which might be related to the ipsilesional infarction damage. The
hyper-metabolic voxels were also observed in the prefrontal cortex and
visual cortex of the contralesional hemisphere in the ischemic stroke
cynomolgus compared with the healthy controls.

3.5. Constructed metabolic functional network

The constructed metabolic functional network of macaque was shown
in hot maps (Fig. 8A) and in spatial topography surface (Fig. 8B). The
detailed information of this modular network is listed in Table 2. We
speculate from the modular network that most of the functional regions
are bilaterally symmetric, especially in the basic functional regions. The
modular No.3 was suspected as the basic functional network of the brain,
which consists of bilateral auditory cortex, bilateral motor cortex, bilat-
eral somatosensory cortex, bilateral visual cortex, bilateral cerebellum,
bilateral cingulate, bilateral RSC, bilateral striatum, and bilateral DLPFC

Neurolmage 203 (2019) 116163

Table 1
The statistical results of two sample t-test between the ischemic stroke cyn-
omolgus model and the 10 healthy controls.

Type Anatomical Ke Tmax  Stereotaxic coordinates
Name
X y z
Hypo-metabolic Amygdala 30 5.01 5.2 -1.2 135
regions Motor cortex 49 5.62 21.2 -3.2 -12.5
Prefrontal 186 8.46 11.2 -26.2 35
cortex
Auditory cortex 24 522  26.2 1.8 2.5
Entorhinal 25 464 52 -0.2 145
cortex
Temporal 168 810 26.2 3.8 4.5
cortex
Cerebellum 17 412 132 21.8 9.5
Hyper-metabolic Prefrontal 16 652 -18 -162 15
regions cortex
Prefrontal 66 5.32 1.2 3.8 —-12.5
cortex
Visual cortex 69 530 -88 4038 -85

Ke: the size of a cluster, in which the number such as 30 stands for the voxel
numbers in the cluster.

Tmax: the maximum t-value in each cluster.

Stereotaxic coordinates: the coordinates of the maximum point in Saleem and
Logothetis atlas space.

x: the x-axis, which is negative to the left and positive to the right.

y: the y-axis, which is negative to the Posterior and positive to the Anterior.

z: the z-axis, which is negative to the Superior and negative to the Inferior.

and VLPFC. These functional regions in modular No. 3 covers most of the
body sensory and emotion. Moreover, the DLPFC and VLPFC are regar-
ded as the endpoint for the dorsal pathway that indicates the brain how
to interact with the stimuli (Knoch and Fehr, 2007). The modular No. 4 is
more likely a typical audio-visual network, which is related with the fine
motor movement. For example, a macaque is turning its head to the di-
rection of the sound source (Roberts and Hall, 2008). Modular No. 1 and
No. 2 are more likely correlated with higher cognitive functions, since the
hippocampus plays a vital role in working memory (Cho et al., 2016), and
the ectorhinal/entorhinal/hippocampus system is critical to particular

Fig. 7. Voxel-wised analysis result of FDG-PET images between a stroke cynomolgus model and a group of healthy controls (10 healthy cynomolgus). The statistical
results were superimposed on a T1WI single brain in HJT space (p < 0.05, FDR correction, cluster > 20). The statistical results were shown in color-scaled, in which a
warm pseudo-color indicated hyper-metabolic regions for stroke compared with healthy controls, while a cold pseudo-color represented hypo-metabolic regions. The

T1WI single brain was shown in gray-scaled. The color bar stood for the t-value.
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Fig. 8. The constructed metabolic functional network of the thirty healthy rhesus macaques for making template image. It is a sparse network that there are the least
connections between these 82 functional regions. (A) The hot map of the network. The left one shows the original order of these 82 nodes, while the right one reorder
the nodes by modular structure. These four modular are squared out in red, yellow, green and blue color. The color bar stands for the connection intensity between
each pair of nodes. (B) The spatial topography map of the modular metabolic network overlaying on the surface of macaque in HJT space. These four modular are
shown in different colors, and the modular color bar is shown in the middle. The whole network is shown in the middle, in which the modular No.1 is shown in red,
No.2 is in yellow, No. 3 is in green and No.4 is in blue. The connections within a modular is in the same color with its corresponding node, while the connections
between the modular is shown in gray. Each modular is shown at the four corners, in which the modular No.1 is on the upper left, No.2 is on the upper right, No.3 is at

the bottom left, and No. 4 is at the bottom right.

spatial memory formation, memory consolidation and memory optimi-
zation during sleep.

4. Discussion

In the present study, a population stereotaxic template set of macaque
brain named HJT was constructed for PET imaging studies. As an
application example, it is further evaluated and applicated in data anal-
ysis of FDG-PET images of an ischemic stroke cynomolgus macaque
(Chen et al., 2015a). This HJT was established on the widely used Saleem
and Logothetis atlas space (Saleem and Logothetis, 2012), together with
an elaborate delineated brain functional atlas. In addition, the HJT is
compatible with the SPM and PMOD software, which is convenient for
routine PET imaging data analysis.

A template set is preferably constructed from multi-subjects to possess
brain anatomy population and greater cross-subject validity (Friston
et al.,, 1999), such as the ICBM152 template for human brain studies
which created from 152 subjects (Mazziotta et al., 2001). Therefore, in
this study, our primary objective was to create an improved and repre-
sentative population macaque brain template set as a standard reference
in spatial normalization for PET neuroimaging studies from a large
cohort of macaques. The population HJT was generated by iteratively
registered and averaged using a validated template construction process
(Mazziotta et al., 2001; Friston et al., 1999; Nie et al., 2013, 2014, 2019;
Liang et al., 2017; Huang et al., 2018). As shown in Fig. 2, the boundary
of anatomical regions in HJT is smooth, which is ideal for PET data
analysis. Compared with previous studies that constructed PET template
from only several monkeys (Collantes et al., 2009; Cross et al., 2000), the
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Table 2
Detailed information of modular structure of the constructed metabolic func-
tional network of the macaque as shown in Fig. 8.

Index ROI name Modular_Index
1 Amydala_L 1
2 Ectorhinal_cortex_L 1
3 Entorhinal_cortex_L 1
4 Hippocampus_L 1
5 Perirhinal_cortex_L 1
6 Perirhinal cortex R 1
7 Orbital_medial_prefrontal cortex_L 1
8 Orbital_medial_prefrontal_cortex R 1
9 Superior_temporal_gyrus_L 1
10 Superior_temporal gyrus R 1
11 Inferior_temporal_gyrus_L 1
12 Inferior_temporal_gyrus R 1
13 Temporal_pole_L 1
14 Temporal_pole R 1
15 Piriform_cortex_L 1
16 Piriform_cortex R 1
17 Precentral opercular_area L 1
18 Precentral opercular_area R 1
19 Temporo-parietal_area L 1
20 Temporo-parietal_area R 1
21 Amydala R 2
22 Auditory_cortex_core_areas_R 2
23 Ectorhinal_cortex R 2
24 Entorhinal_cortex R 2
25 Hippocampus_R 2
26 Parahippocampal_cortex L 2
27 Parahippocampal cortex R 2
28 Dentate_gyrus_L 2
29 Dentate_gyrus_R 2
30 Globus_pallidus_L 2
31 Globus_pallidus R 2
32 Lateral_geniculate_nucleus_L 2
33 Lateral_geniculate_nucleus_R 2
34 Olfactory L 2
35 Olfactory R 2
36 Retrosplenial_cortex RSC_L 2
37 Retrosplenial_cortex RSC_R 2
38 Auditory_cortex_core_areas_L 3
39 Auditory_cortex _lateral_areas R 3
40 Auditory_cortex_medial areas L 3
41 Auditory_cortex_medial _areas R 3
42 Cerebellum_L 3
43 Cerebellum R 3
44 Claustrum_L 3
45 Claustrum_R 3
46 Dorsal_premotor_cortex_L 3
47 Dorsal_premotor_cortex R 3
48 Insula_L 3
49 Insula_R 3
50 Primary_motor_cortex_L 3
51 Primary_motor_cortex R 3
52 Dorsolateral_ prefrontal_cortex L 3
53 Dorsolateral_ prefrontal_cortex R 3
54 Ventrolateral _ prefrontal cortex L 3
55 Ventrolateral_ prefrontal_cortex R 3
56 Striatum_caudate_L 3
57 Striatum_caudate_R 3
58 Striatum_putamen_L 3
59 Striatum_putamen R 3
60 Ventral_premotor_cortex_L 3
61 Ventral_premotor_cortex R 3
62 Cingulate L 3
63 Cingulate R 3
64 Gustatory_cortex_L 3
65 Gustatory_cortex R 3
66 Mammillary_nucleus_L 3
67 Mammillary_nucleus_R 3
68 Motor_area_L. 3
69 Motor_area_ R 3
70 Secondary_somatosensory_area_L 3
71 Secondary_somatosensory_area_R 3
72 Somatosensory_areas_L 3
73 Somatosensory_areas_R 3
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Table 2 (continued)

Index ROI name Modular_Index
74 Occipital_cortex L 3
75 Occipital_cortex R 3
76 Auditory_cortex lateral areas_L 4
77 Parietal_cortex_posterior_L 4
78 Parietal_cortex_ posterior R 4
79 Parietal_cortex_superior_L 4
80 Parietal_cortex_ superior R 4
81 Parieto-occipital area L 4
82 Parieto-occipital_area R 4

Index: The index number of all the functional regions shown in the reordered hot
map of the metabolic network in Fig. 8A.

Modular Index: The modular index in the spatial topography map of the
metabolic network in Fig. 8B.

HJT showed substantial improvement in representation and validity.

PET imaging can visualize the distribution of biologically targeted
radiotracers at the molecular level with high sensitivity. For example, the
radiotracers are directly correlated with energy consumption that sup-
ports synaptic activities (Wang et al., 2016; Cheng et al., 2018), or
pathogenesis as amyloid protein and tau-protein. In the receptor PET
imaging studies, spatial normalization is always performed via MRI T1WI
images named MRI-aided registration method. Therefore, an MRI T1WI
template is always requisite in PET neuroimaging studies. Fig. 2A illus-
trated the creation of a population MRI T1WI structural template image
in HJT. In previous studies, there are several structural templates of
macaque with high spatial resolution that are beneficial to MRI studies
(Black et al., 2001, 2004; McLaren et al., 2009; Quallo et al., 2010; Frey
et al., 2011; Seidlitz et al., 2018; Reveley et al., 2017; Moirano et al.,
2018). The D99-SL template, which was created from an ex vivo
single-subject, has subtle sub-anatomical delineations (Reveley et al.,
2017), while the NMT could identify the main blood vessels in macaque
brain (Seidlitz et al., 2018). Both the template images have a high spatial
resolution of 0.25mm?, while it is, however, nearly 2mm?® of a PET
imaging. Using such a template, one single voxel in individual PET image
could be interpolated to nearly 512 voxels when spatial normalization,
which may introduce considerable deviation. Therefore, in light of the
intrinsic lower spatial resolution of PET images, a new structural tem-
plate of macaque has been created in HJT, which is smoother than pre-
vious template images. Moreover, the HJT is sharing a similar coordinate
space with our newly constructed macaque brain atlas, which has 44
sub-functional regions (Saleem and Logothetis, 2012) and would be more
frequently used in PET imaging studies.

Nowadays, FDG is the most commonly used radiotracer for PET
investigation. Numerous studies have proven that the image registration
accuracy is satisfactory when an image is registered to its corresponding
imaging modality template (Meyer et al., 1999). Therefore, a specialized
FDG-PET template image is also requisite in neuroimaging studies, not
only in human brain studies (Friston et al., 1999) but also in animals
(Cross et al., 2000; Nie et al., 2014; Huang et al., 2018). Recently, the
population FDG-PET templates have been constructed for children
(Uchiyama et al., 2013), treeshrew (Huang et al., 2018) and rat (Nie
et al., 2014), while the latest version for macaque was created nearly
twenty years ago based on only 6 FDG-PET images (Cross et al., 2000).
Therefore, a population FDG-PET template is created in HJT, which is not
only an improvement of previous studies but also a supplementary of MRI
T1WI template.

The usage and accuracy of a newly created HJT were also evaluated in
different studies. It was found that the spatial normalization of individual
FDG-PET images to the HJT was satisfactory. Although these individual
images were from different imaging centers, different subtypes of ma-
caque, i.e. cynomolgus and rhesus, even a disease model, the accuracy of
spatial normalization is stable. As illustrated by the qualitative evalua-
tion results (Fig. 6), the segmentations of intercranial tissue, tissue class
and sub-functional regions from the normalized individual images using



B. Nie et al.

HJT, are all satisfactory. In addition, the laborious stripping extracranial
tissues of individual images before spatial standardization is not neces-
sary since the HJT processes both intracranial tissues and extracranial
parts.

4.1. Application the HJT in voxel-wised single subject analysis

The number of animals in macaque imaging research is typically
small, especially in disease model studies (Wang et al., 2016; Cheng et al.,
2018), so that multi-subject analysis is limited. 3D-SSP (three-dimen-
sional stereotactic surface projection) is a professional software in the
single-subject analysis of PET images, which has self-contained healthy
control database. Although the database is expensive, it is a pioneer in
the single-subject analysis. Alternatively, SPM is also a powerful statis-
tical analysis platform in neuroimaging studies, in which the
single-to-multi comparisons are allowed (Acton and Friston, 1998). The
baseline of healthy controls is defined by researches in SPM. With the
HJT applying to SPM, single-subject analysis of macaque is effective. In
this study, a single-subject voxel-wised analysis was performed on an
ischemic stroke cynomolgus macaque (Chen et al., 2015a) compared
with a group of healthy controls. The voxel-wised statistical result is
shown in Fig. 7 and Table 1. The hypo-metabolic regions were mainly
due to ischemia and edema, which was visualized in its original FDG-PET
images. Compared with the control group, these obvious hypo-metabolic
voxels of ischemic brain mainly lay in the ipsilesional hemisphere, con-
sisting of motor cortex, prefrontal cortex, entorhinal cortex, amygdala,
auditory cortex, temporal cortex and cerebellum, which is consistent
with the previous research (Cai et al., 2009; Enzinger et al., 2009; Fu
et al., 2009; Ivey et al., 2010). These hypo-metabolic regions contained
not only the infarction areas, but also the edema and brain functional
impairment areas, such as motor impairment. Among them, motor cor-
tex, entorhinal cortex, amygdala, auditory cortex and cerebellum are
known to be involved in orientation, motor skills, and sensory, which
were proved to be relevant to stroke.

On the other hand, functional brain compensation also occurred in
the stroke. As shown in Fig. 7 and Table 1, there were also several hyper-
metabolic regions. They were mainly located in the contralesional
hemisphere, comprising with the prefrontal cortex and visual cortex. We
suspected that these contralesional functional areas might supplement its
corresponding contralateral lesion area similar to the previous studies.
However, whether these functional supplementary acts as a negative role
in prognosis recovery or not still needs further research.

4.2. Benefits from HJT in SUVR calculation

SUVR is one of the most commonly used semi-quantitative parame-
ters in PET imaging studies (Chen et al., 2015b; Fleisher et al., 2013;
Leinonen et al., 2014). One of the critical points in SUVR calculation is to
choose an appropriate reference region. Up to now, the cerebellum, pons
and white matter are the most commonly used reference regions (Chen
et al., 2015b; Fleisher et al., 2013). Based on the TPM in HJT, the white
matter is segmented out automatically using DARTEL algorithm (Mak
et al., 2011), while the cerebellum or pons can be extracted based on the
functional atlas image in HJT.

Another key point in SUVR calculation is ROI extraction. As the HJT is
sharing a common space with previous studies (Seidlitz et al., 2018;
Reveley et al., 2017), all the sub-anatomical structures, which is nearly
one hundred, can be extracted easily from each individual via the HJT.
Also, those 44 functional regions defined by HJT can be selected auto-
matically. Moreover, the SUVR of these regions are calculated not only in
the common space by normalization each individual into the HJT space,
but also in individual space by transforming the HJT into each individual
space (Nie et al., 2010). To demonstrate the utility of the HJT for
calculating SUVR, the PET data of one rhesus brain were processed on the
platform of SPM12 and PMOD (see Fig. S1 and Table S4 in Supporting
Information), which showed similar results.
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4.3. Compatibility of HJT with PMOD

Quantitative calculation of dynamic PET neuroimaging is regarded as
a golden standard in the examination of in vivo pharmacokinetics of new
radiotracers. Nowadays, the PMOD is the professional softwares in dy-
namic PET imaging analysis. To enable HJT widely-applicable in PET
neuroimaging analysis, we incorporated our template with PMOD under
the name ‘Rhesus (IHEP_JNU)’. With the assistance of HJT in PMOD, the
time-activity curve in each ROI of macaque brain can be conveniently
and precisely analyzed, which serves as the output function of radiotracer
for PET quantification.

4.4. Brain metabolic network construction based on HJT

Each functional brain region is not independent (Bullmore and
Sporns, 2009; Schwarz et al., 2009). They are working as a dynamic
network in handling different brain functions, such as motion, decision or
cognition (Yeo et al., 2011). It is worthy of mentioning that the default
mode network (DMN) of the human brain has been firstly disclosed by
FDG-PET images (Gusnard et al., 2001). The metabolic network of brain
function, constructed from the FDG-PET images, has been widely inves-
tigated in different neurological disorders (Tomse et al., 2017; Ma et al.,
2015) as well as different species including human (Hu et al., 2015; Fang
et al., 2016) and rodents (Lu et al., 2012; Choi et al., 2015; Hsu et al.,
2016). Nowadays, the neurologic disease macaque models (i.e. autistic
disorder) (Qiu, 2018) have been established and serves as valuable tools
for translational studies. The FDG-PET brain metabolic functional
network can be applied for the analysis of connections between different
brain regions, facilitating a better understanding of brain sciences.

4.5. Application of HJT in multi-modality imaging studies

A set of population TPM is created in the HJT, which consists of three
intracranial tissues such as GM, WM and CSF, as well as three extracranial
parts including the skull, extracranial soft tissues and background (as
shown in the Step a3 of Fig. 1). This TPM is compatible with SPM12. As
we all known, the spatial normalization algorithm of human brain neu-
roimaging has been updated in the latest version of SPM - SPM12 (Acton
and Friston, 1998). The most significant innovation entails the intro-
duction of DARTEL algorithm, in which there are no multi-modality
template images except a six-part TPM in MNI space of the human
brain (Mazziotta et al., 2001; Friston et al., 1999). In the spatial
normalization of SPM12, all the individual images, regardless their im-
aging modality, are firstly segmented into different tissues classes, and
then the segmented individual’s GM is normalized to the GM in TPM.
Therefore, we could speculate that the HJT could be not only applied for
PET studies of macaques, but also served as a general processing tool in
multi-modality imaging data such as T1WI, functional MRI and arterial
spin labeling images.

4.6. Limitations

There are also some limitations of this study. Firstly, the PET template
was constructed based on the data acquired from clinical GE Discovery
Elite 690 scanner, whose resolution is around 5 mm. This is applicable in
the research community using comparable clinical scanners for macaque
neuroimaging. For the PET images obtained from high resolution
(<3 mm) scanners, our template still offers the advantage of providing a
common, stereotactic space for group analysis, in which a spatial
smoothing with ~4-6 mm is typically conducted. Also, using MRI-based
partial volume correction to improve the spatial resolution of the PET is a
potential direction for our further study. Secondly, only FDG-PET images
were created in HJT, which may be unavailable for analysis of receptor
PET imaging studies. We could speculate that individual MRI T1WI im-
ages can also be normalized with the HJT via MRI T1WI template
accurately. Hence, for receptor PET imaging, the normalization accuracy
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is mainly dependent on the co-registration precision between the PET
and its corresponding T1WI images. In addition, as discussed in Section
4.5, we predicted that the TPM could be used in multi-modality neuro-
imaging analysis of the macaque brain. Although the FDG-PET images
used in this study were normalized into the HJT space by TPM using
DARTEL algorithm, we have found that the normalization accuracy of the
stroke model was lower than others. Therefore, we speculated that the
normalization accuracy is not satisfactory when the original individual
images have noticeable lesions, such as ischemia and tumor. Besides,
although the identification of regions with abnormal FDG uptake in the
ischemic model was realized by the brain atlas in HJT, no comparisons
against manually drawn ROI were conducted, which warrants further
evaluation.

5. Conclusion

In conclusion, we have constructed a population stereotaxic HJT of
macaque brain for PET neuroimaging data analysis, which is compatible
with PMOD, SPM and other open-source, neuroimaging software pack-
ages. We believe that the HJT offers a unique tool to support research and
collaborations across different institutions. The template would allow
imaging scientists to study the structural and functional similarities be-
tween NHP and human, and improve our understanding of NHP brain via
the establishment of such platform for data analysis and profiling.
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