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multi-contrast group-wise registration based on 3T MRIs of
422 Human Connectome Project in Aging (HCP-A) subjects.
To enhance the usability, probabilistic tissue maps and seg-
mentation of 22 subcortical structures are provided. Finally,
the subthalamic nucleus shown in the atlas is parcellated
into sensorimotor, limbic, and associative sub-regions based
on their structural connectivity to facilitate the analysis and
planning of deep brain stimulation procedures. The dataset is
available on the OSF Repository: https://osf.io/p7syt.
© 2023 The Author(s). Published by Elsevier Inc.
This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

Specifications Table

Subject Health and medical sciences

Specific subject area Brain MRI templates of healthy aging subjects

Type of data Images, volumetric data

How the data were acquired 3T magnetic resonance imaging

Data format Analyzed

Description of data collection Subjects were sampled from the Human Connectome Project in Aging (HCP-A).

3T MRI sequences used to make templates include: T1w, T2w, and
diffusion-weighted MRI.
Data source location Institution: Concordia University
City: Montreal
Country: Canada
Data accessibility Repository name: Open Science Framework (OSF)
Data identification number: 10.17605/0SEIO/P7SYT
Direct URL to data: https://osf.io/p7syt

1. Value of the Data

+ These publicly available templates were created using 422 HCP-Aging subjects, representing
averaged anatomical and structural connectivity features of the healthy aging brain for func-
tional neurosurgical planning and study of neurological conditions.

» Matching T1w, T2w, and fiber orientation distribution (FOD) templates are provided, together
with the associated tractograms that contain 20K and 2 million streamlines.

+ Segmentation of 22 subcortical structures and probabilistic tissue maps are provided to en-
hance the usability of the templates.

« Parcellation of the subthalamic nucleus, based on structural connectivity of the included co-
hort at 0.3 x 0.3 x 0.3 mm? resolution, is provided for the planning and outcome analysis
of deep brain stimulation surgery.

2. Objective

In neurosurgical planning and research of neurodegenerative conditions, brain atlases are cru-
cial tools that provide the common coordinates for spatial normalization and anatomical naviga-
tion [1,2], as well as complementary physiological information (e.g., EEG and tissue microstruc-
tural information). While structural scans, involving T1-weighted (T1w) and T2-weighted (T2w)
MRI contrasts have been traditionally used to construct brain templates, they offer limited infor-
mation regarding the axonal organization of the white matter, which is of increasing interests in
connectomic neurosurgery [3]| and analysis of neural pathway alternations in neurological con-
ditions [4,5]. With recent progress in diffusion MRI (dMRI) that allows the modeling of fiber
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orientation distribution (FOD) in the brain tissue, there is a rising demand to incorporate the
relevant information in new generations of brain atlases. Furthermore, although a few structural
connectomic atlases in the forms of FOD templates or tractograms [6,7] have been recently in-
troduced, there is still a lack of population-averaged brain atlases of the same type that are
derived from a large aging population with corresponding anatomical templates from the same
cohort.

3. Data Description

The dataset described in this article is a collection of multi-contrast structural connectomic
brain atlases, created based on 3T scans of 422 healthy subjects from the Human Connectome
Project in Aging (HCP-A) group [8,9]. The set of atlases contain three co-registered population-
averaged MRI templates. The Tlw and T2w MRI templates are provided in two different res-
olutions: 0.5 x 0.5 x 0.5 mm3 and 0.3 x 0.3 x 0.3 mm3 while the FOD template is at
1 x 1 x 1 mm?3 resolution. From the FOD template, two whole brain tractograms with 20K and 2
million streamlines were generated. To aid anatomical navigation and segmentation, probabilis-
tic tissue maps and labels of 22 subcortical structures are included. For the subthalamic nucleus
(STN), sensorimotor, limbic, and associative sub-regions were parcellated based on their struc-
tural connectivity and could be used to facilitate the planning of deep brain stimulation (DBS)
procedures. The complete dataset can be used in various applications that require population-
averaged normative structural connectomic data, including Parkinson’s disease, stroke, and brain
tumor. Different components of the resulting atlases, including Tlw and T2w structural tem-
plates, tissue segmentations, STN parcellations, FOD templates, and tractograms are shown in
Figs. 1-4.

Caudate

Thalamus STN  Hippocampus
Subcortical segmentation

T2w MRI template at 0.5x0.5x0.5mm3 STN parcellation

Fig. 1. Demonstration of the Tlw and T2w population-averaged MRI templates at 0.5 x 0.5 x 0.5 mm? resolution,
with the associated subcortical structure segmentation and structural connectivity-based parcellation of the subthalamic
nucleus (STN). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 2. Demonstration of matching coronal views of the Tlw and T2w population-averaged MRI templates at
0.3 x 0.3 x 0.3 mm? resolution in the first and second row, respectively. Between two adjacent columns, a distance
of 0.9 mm in the coronal direction is shown, and the left to right columns show different coronal slices from the ante-
rior to the posterior direction.

T1w template Subcortical

Fig. 3. Demonstration of population-averaged probabilistic tissue segmentation maps (0.5 x 0.5 x 0.5 mm? resolution)
with the first and second row showing the matching axial and coronal views, respectively. From left to right: T1w
template, white matter map, cortical grey matter, subcortical grey matter map, and CSF map.
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Tractogram with 2
million streamlines

Application in post-op

Population-averaged FOD template analysis of a DBS case

Fig. 4. Demonstration of the population-averaged FOD template shown in the matching views of the associated trac-
togram with 20K streamlines and a 3D rendering of the resulting tractogram with 2 million streamlines. In addition, a
demonstration of the 2-million-streamline tractogram in post-operative analysis of a STN deep brain stimulation (DBS)
case is presented. The stimulation loci were mapped from the patient space to the T2w template of the atlas to reveal
streamlines from the volume of tissue activated (VTA) to the primary motor cortex. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

4. Experimental Design, Materials and Methods
4.1. Subjects and Image Acquisition

From the Human Connectome Project in Aging (HCP-A) cohort, 436 healthy aging subjects
(236 females, age = 58.0 + 14.5 yo) were randomly sampled initially, and their T1w, T2w, and
diffusion MRI scans were acquired. After image pre-processing, visual quality control was con-
ducted by the author YX to remove subjects with poor processing outcomes (e.g., failed registra-
tion and segmentation), and 422 subjects (228 females, age = 57.5 £+ 14.4 yo) were employed to
produce the final brain atlases. For each included subject, 3T T1w, T2w, and dMRI scans were ob-
tained on Siemens Prisma 3T MRI systems with 32-channel head coils. Specifically, the T1w MRIs
were acquired with a multi-echo TIlw MPRAGE sequence (resolution = 0.8 x 0.8 x 0.8 mm3,
TR/TI = 2500/1000 ms, TE = 1.8/3.6/5.4/7.2 ms, flip angle of 8°), and the final image was pro-
duced by the root-mean-square of the scans from all echoes. For the T2w MRI, a T2w SPACE
protocol (resolution = 0.8 x 0.8 x 0.8 mm3, TR/TE = 3200/564 ms) was used. Finally, the dMRI
scans were acquired in opposite anterior-posterior phase-encoding directions with a pulsed
gradient spin-echo sequence: resolution = 1.5 x 1.5 x 1.5 mm3, TR/TE = 3230/89.50 ms; b-
values = 1500 and 3000 s/mm? (92~93 directions per shell) with 28 b-value = 0 s/mm?2 images.
More detailed image acquisition protocols of HCP-A and their differences from the HCP young
adult group can be found in [9].

4.2. Image Pre-processing

For each included subject, the TIw and T2w scans were pre-processed with non-local means
denoising [10], non-uniformity correction [11], and intensity normalization. Then, the T2w MRI
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was rigidly registered to the corresponding T1w scan. The brain masks were generated using
BEaST [12] based on the Tlw MRIs and were used to extract the brain volumes for the co-
registered Tlw and T2w scans. With the FAST algorithm [13], the pre-processed T1w MRIs were
segmented into probabilistic maps of white matter (WM), cortical grey matter (GM), subcortical
grey matter, and cerebrospinal fluid (CSF) in the value range of [0,1].

Each dMRI scan was first processed with denoising [14], distortion correction, unringing, eddy
current correction [15], and bias field correction [11]. The computation of individual FOD maps
was conducted using the MRtrix3 software suite. First, tissue-specific response functions were
estimated for all subjects, from which an averaged group response function was computed for
each tissue type. Then, individual FOD maps were estimated with a multi-shell, multi-tissue
constrained spherical deconvolution (MSMT-CSD) algorithms [16], by using the group-averaged
response function. Finally, the resulting FOD maps were resampled from 1.5 x 1.5 x 1.5 mm? to
1 x 1 x 1 mm?3 for MRI template construction and tractography.

4.3. MRI Templates and Tractogram Construction

The unbiased population-averaged FOD template was created using multi-contrast group-
wise registration jointly based on the FOD map and probabilistic tissue segmentation of the
GM and CSF, using the ‘population_template’ script in MRtrix3. Here, fuzzy segmentations of the
red nucleus (RN), substantia nigra (SN), and subthalamic nucleus (STN) were obtained for each
subject by warping the labels in the MNI-PD25 atlas [2] with trilinear interpolation through the
deformation field from atlas-to-subject nonlinear registration using the ANTs package. The final
probabilistic GM segmentation of each subject was generated by combining the cortical and sub-
cortical GM segmentation maps from the FAST algorithm, as well as the fuzzy segmentation of
the RN, SN, and STN. To prepare for the group-wise registration, all FOD maps were resampled
to 1 mm isotropic resolution using tri-cubic interpolation. The CSF and GM segmentation maps
were rigidly registered to the corresponding FOD map and resampled to 1 x 1 x 1 mm3. The
subject-to-template linear and nonlinear transformations from the group-wise registration were
saved and used to warp and average all TIw and T2w scans to obtain the unbiased T1w and
T2w brain templates. Note that the resulting templates are not in the MNI-PD25 atlas space.
While the FOD template has a Tmm isotropic spatial resolution, the Tlw and T2w brain tem-
plates were made available in a resolution of 0.5 x 0.5 x 0.5 mm3 for the whole brain and
0.3 x 0.3 x 0.3 mm?3 for the central region that contains the subcortical structures, similar to
the MNI-PD25 atlas.

With the resulting averaged FOD template, whole-brain tractography was performed using
iFOD2 [17] to produce an initial tractogram with 20 million streamlines, which was then filtered
to 2 million streamlines with the SIFT [18] algorithm in MRtrix3 to reduce false positives. To
help with data visualization, a second, lighter version of the tractogram with 20K streamlines
was also provide by randomly sampling streamlines from the 2 million-streamline tractogram.

4.4. Subcortical Segmentation and Probabilistic Tissue Maps

The manual segmentations of 22 subcortical structures in the MNI-PD25 atlas [19] were
mapped to the resulting T1w population-averaged brain template (co-registered with the T2w
template) by using T2w-to-T2w nonlinear registration [19]. The result was further revised man-
ually by the author YX, who also performed the subcortical segmentation for the MNI-PD25
atlas. The segmented anatomical structures and their corresponding label numbers are listed in
Table 1. By using the linear and nonlinear transformations from the group-wise registration in
template making, the probabilistic tissue segmentation maps obtained from the FAST algorithm
were warped and averaged in the T1w template space. The final population-averaged probabilis-
tic tissue maps included white matter, cortical grey matter, subcortical grey matter, and CSF in
the resolution of 0.5 x 0.5 x 0.5 mm?>.
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Label numbers with the corresponding subcortical structures for subcortical segmentation of all atlases.

Label number

Subcortical structure

Label number

Subcortical structure

1 Left red nucleus 2 Right red nucleus

3 Left substantia nigra 4 Right substantia nigra

5 Left subthalamic nucleus 6 Right subthalamic nucleus

7 Left caudate 8 Right caudate

9 Left putamen 10 Right putamen

1 Left globus pallidus externa 12 Right globus pallidus externa
13 Left globus pallidus interna 14 Right globus pallidus interna
15 Left thalamus 16 Right thalamus

17 Left hippocampus 18 Right hippocampus

19 Left nucleus accumbens 20 Right nucleus accumbens

21 Left amygdala 22 Right amygdala

4.5. Subthalamic Nucleus Parcellation

To facilitate the planning and post-operative analysis of deep brain stimulation surgery, the
STN in the atlas was parcellated into sensorimotor, associative, and limbic sub-regions based
on structural connectivity. With each subject’s FOD map, 10K streamlines were generated using
the STN segmentation as the seeding mask for the sensorimotor, associative, and limbic regions
defined from the Harvard-Oxford atlas [20]. Specifically, the sensorimotor areas include precen-
tral gyri, postcentral gyri, and Juxtapositional lobule cortex, the associative areas include the
superior, middle, and inferior frontal gyri, and the limbic areas include the anterior cingulate
cortex, hippocampus, amygdala, and orbitofrontal cortex. Then, each functional sub-region was
determined using a winner-takes-all approach with the normalized track density in each voxel
within the STN segmentation at 1 x 1 x 1 mm?3 resolution. Lastly, the individual STN parcella-
tions were warped to the common template space at 0.3 x 0.3 x 0.3 mm?3 resolution by using
the previously obtained subject-to-atlas deformation fields, and the final population-averaged
STN parcellation was generated with a majority voting strategy based on all subjects. Note that
the fiber tracking and functional region parcellation were performed for the left and right side
separately.
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