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Abstract

While the fundamental importance of the white matter in supporting neuronal communication is
well known, existing publications of primate brains do not feature a detailed description of its
complex anatomy. The main barrier is that existing primate neuroimaging data have insufficient
spatial resolution to resolve white matter pathways fully. Here, we present a resource that allows
detailed descriptions of white matter structures and trajectories of fiber-pathways in the marmoset
brain. The resource includes: (1) the highest resolution diffusion MRI (dMRI) data available to
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date, which reveal white matter features not previously described; (2) a comprehensive 3D white
matter atlas depicting fiber-pathways that were either omitted or misidentified in previous atlases;
and (3) comprehensive fiber-pathway maps of cortical connections combining dMRI tractography
and neuronal tracing data. The resource, which can be downloaded from
marmosetbrainmapping.org, will facilitate studies of brain connectivity and the development of
tractography algorithms in the primate brain.

Introduction

The primate brain is evolutionarily adapted to support visual and social cognition through a
large number of cortical regions® interconnected through axonal bundles that form the white
matter. Recent studies have demonstrated that the white matter is not a passive passageway
of neuronal communication, but a vital component of brain plasticity and connectivity,
actively affecting learning, memory, and cognitive function2. Although not traditionally
emphasized in brain atlases, charting these white matter bundles is of keen interest to
researchers attempting to understand the connectional principles of the primate brain and to
explain symptoms in neurological diseases such as stroke and multiple sclerosis and
psychiatric disorders including depression and schizophrenia2. Anterograde tracing is a
traditional approach to trace discrete axonal projections®, which can be rendered in 3D to
chart specific fiber pathways* °, but the method cannot be applied to create a complete,
whole-brain white matter atlas. Recent progress in diffusion-weighted Magnetic Resonance
Imaging (dMRI) has paved a new way to map fiber pathways and contributed to whole-brain
white matter atlases of humans and non-human primates (NHPs)®-%. Compared with
traditional tracing methods, the dMRI-based atlases have the advantage of preserving the 3D
fiber orientation information across the entire brain. As digital atlases, they also provide
versatile tools to facilitate fiber reconstruction and tract-based analyses1? for human and
animal studies.

However, to date, dMRI atlases have had a relatively coarse spatial resolution, which limits
their capacity to resolve small but essential fiber pathways known from anatomical studies.
This problem stems from the fact that dMRI data acquisition on large primate brains faces
inherent technical challenges that limit the signal-to-noise ratio required to acquire very
small voxels. For example, larger brains require a longer scanning time, cannot fit into ultra-
high-field magnets that usually have small bores, and pose difficulties for designing high-
performance radiofrequency (RF) coils with whole-brain coverage. An essential resolution
measure is the absolute voxel size, as opposed to the relative voxel size in proportion to
overall brain size, as many white matter structures do not scale in proportion to overall brain
size but remain very small even in large brains (Fig. 1). Thus, there is much to be gained by
increasing the absolute dMRI resolution in a primate brain.

The primary aim of this study was to map white matter pathways in the primate brain with a
higher level of precision than has been previously possible. For this, we turned to one of the
smallest primates, the common marmoset, whose brain shares basic organizational features
with larger primates!1~14, The small marmoset brain allows the use of high field MRI and
stronger gradients, a necessity for high-resolution dMRI1%: 16, Together with improvements
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in RF coil selection and proper design of scanning protocols, we collected dMRI data of the
marmaoset brain with unprecedented spatial resolution. The data allowed us to build a fine-
grained 3D white matter atlas of the marmoset brain, which depicts many fiber pathways
that are either omitted or incorrectly described in previous MRI datasets or atlases of the
primate brain. We also provide examples of the high similarity of white matter structures
across primate species. To further extend the functionality of this atlas, we combined dMRI
tractography with a neuronal tracing database (the Marmoset Brain Connectivity Atlasl’,
marmosetbrain.org) to provide the first and most comprehensive fiber pathway mapping of
cortical connections. The white matter atlas, fiber pathways maps, and dMRI data, including
both raw and processed data, are publicly available in our website
(marmosetbrainmapping.org) as an open resource to facilitate mapping the white matter
neuroanatomy and understanding connectional principles of the brain, as well as algorithm
development and validation experiments of dMRI tractography.

Ultra-high resolution dMRI datasets

We collected two sets of multi-shell 3D dMRI data (Fig. 1A). The first dataset was acquired
from a whole-brain with 80 um isotropic resolution at 7T in 15 days. We also collected a
magnetization transfer ratio (MTR, a T1-like contrast) image with 80 um isotropic
resolution, and a T2* and a T2 anatomical image with 50 um isotropic resolution. The
second dMRI dataset was acquired from a half brain (right hemisphere) with 64 um isotropic
resolution at 14T in 12 days. Both dMRI datasets comprised 64 directions at b=2400 s/mm?
and 126 directions at b=4800 s/mm?.

Three primary factors contributed to our ability to obtain the ultra-high-resolution data. The
first factor was the cutting-edge gradient and RF technology applied in high-field scanners.
Marmoset brains were small enough to be scanned in small-bore animal magnets with
powerful gradients (450mT/m for 7T and 1500mT/m for 14T, Resonance Research Inc.,
Billerica, MA) and a customized 30 mm ID millipede quadrature coil (ExtendMR, LLC,
Milpitas, CA) that provided 2.5x more sensitivity than the standard Bruker coil (Bruker
Biospin, Ettlingen, Germany) used in our previous study®. The second central factor was an
improved protocol for preparing brain samples. The small marmoset brains require less time
for contrast agents to penetrate the entire tissue volume than large brains. Thus, the
gadolinium contrast agent!8 was effective in reducing the T4 relaxation time constants of the
fixed brains, significantly improving the sensitivity per unit time of the data. The third
essential factor was prolonged scanning (about two weeks) to acquire high spatial resolution
data with many diffusion directions. We aimed to collect data that had not only a high spatial
resolution necessary for dissecting the white matter but also a high angular resolution for
dMRI tractography.

The resulting datasets provide the highest resolution dMRI data to date in any primate brain
and thus reveal features never previously observed (Fig. 1 A-B). Specifically, our two
datasets of dMRI data (80 um and 64 pum isotropic) have 30.5x and 59.6x higher resolution
than one of the highest ex-vivo dMRI datasets of the macaque brain (250 pm isotropic) in
terms of cubic volumes (um?3)19: 20; and 2260x and 4416x higher than the 7T human
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connectome in-vivo dMRI data (1050 pm isotropic)2L. Correspondingly, the marmoset brain
volume (in pm3) is approximately 11x and 220x smaller than the macaque brain and the
human brain, respectively, which is significantly less than the improvement in the spatial
resolution of our data (Fig. 1C). Additionally, white matter tract sizes do not scale the same
as the brain. For example, among the five tracts we estimated, only the corpus callosum
follows a similar scaling factor as the brain, while the other tracts have much smaller scaling
(Fig. 1C). In other words, when examining many white matter tracts, larger primates may
require higher relative spatial resolution than the small marmoset after taking brain volume
scaling into consideration.

Ultra-high resolution reveals previously hidden details of primate white matter

The marmoset dMRI dataset provides high spatial and angular resolutions, while fully
preserving the coverage and 3D features of an intact whole brain, including the local fiber
orientation. The dataset offers a unique opportunity to examine the fine-detailed 3D
structures of the white matter in a primate brain. Here, we selected three examples to
illustrate this point.

1) Fiber composition of the corona radiata—The corona radiata is one of the most
complex white matter zones in the primate brain. Multiple fiber pathways with different
directions pass through the corona radiata, including, but not limited to, projection fibers
from/to the internal capsule, commissure fibers from/to the corpus callosum, striatal fibers
from/to the external capsule, association fibers from/to the cingulum (Cg) and the superior
longitudinal fasciculus (SLF). Due to the complex fiber-crossing and partial volume effects
in MRI data, standard directionally-encoded color (DEC) maps22 from dMRI cannot reveal
the exact fiber structures in the corona radiata. This limitation is corroborated by anterograde
neuronal tracing data3, which reveals many fibers from the superior longitudinal fasciculus
that run in an anterior-posterior direction through the coronal plane at the level of the central
corona radiata. Neither macaque nor human dMRI data are currently able to identify this
portion of the superior longitudinal fasciculus (DEC-green) inside the central corona radiata,
which is dominated by fibers running in an inferior-superior direction (DEC-purple) (Fig.
2A; white rectangle).

In the marmoset data, although all resolutions (150 um, 80 um, and 64 um) are high enough
to reveal the superior longitudinal fasciculus, which divides the DEC-purple zone of the
corona radiata, different resolutions present varying patterns (Fig. 2B; white rectangle). At
150 pm, the corona radiata appears to have two layers of DEC-purple fibers that are
separated by the DEC-green fasciculus. At 80 um, one more layer (DEC-purple) fades in
near the gray-white-matter boundary (Fig. 2B, blue arrow-2). At 64 um, the corona radiata
presents many DEC-purple fibers interspaced by thin DEC-green fibers, in clear
demonstration that its real fiber organization is significantly more complex than the
previously acquired lower-resolution data could depict.

The higher resolution also provides finer details for each fiber pathway (Fig. 2 and
Supplementary Fig. 1 for a zoomed-in view). Fibers from/to the corpus callosum are split
into two different branches in the corona radiata (Fig. 2B, orange arrow-5). Both 80 um and
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64 um datasets show this, but not in the 150 um one. Fibers from/to the external capsule
contribute a small portion of the “DEC-purple” fibers in the corona radiata, but the
connecting fibers (Fig. 2B, green arrow-3) are only clearly visible at 64 pm. In the 80 pm
and 150 um dataset, the connecting fibers appear as a “dark” crossing-fiber zone due to the
partial volume effect. Finally, near the bottom of the corona radiata, the 80 um and 64 um
datasets show a branch of the corpus callosum that separates two distinct DEC-green fibers
(Fig. 2B, red arrow-4). This separation is not visible at 150 um. These examples demonstrate
the advantages offered by ultra-high-resolution scans in the fine-grained identification of
white matter pathways.

Fig. 3 highlights two major fiber pathways of primates that are indicated by red arrows-4 in
Fig. 2, one belonging to the fronto-occipital fasciculus (FOF) and the other to the Muratoff
bundle 3. Although these two fibers run in a similar direction (DEC-green; an anterior-
posterior direction) under the corona radiata (Fig. 3A-B), they are entirely distinct white
matter pathways. The FOF is a long association fiber pathway that connects parietooccipital
regions with the dorsolateral prefrontal and premotor cortices, while the Muratoff bundle is a
major striatal fasciculus that supports corticostriatal connections 3.

These two pathways have been discovered and described by anterograde neuronal tracing
techniques 3. Despite their existence, previously published primate atlases (including human
atlases) either have not been able to identify the two fibers or have labeled only the FOF 6-8,
Traditional histology-based atlases, which use two-dimensional slices, can hardly
distinguish these two fiber bundles, due to their inability to reveal fiber orientation (Fig. 3C).
Meanwhile, modern dMRI-based atlases were acquired at too low of a resolution to identify
the thin commissural fibers that separate the FOF and the Muratoff bundle (Fig. 3D). Owing
to the high resolution at 80 pm and 64 um, we could identify and distinguish the Muratoff
bundle from the FOF.

2) Fiber composition of the occipital white matter—The primate visual cortex is
one of the most studied brain regions in neuroscience research, but existing atlases fail to
identify the local fibers in the occipital lobe that support complex visual processing. Gross
dissection studies of the human brain, which were performed more than one hundred years
ago by Sachs (1892)%3 and Dejerine (1895)24, provided early descriptions of these local
occipital fibers (Supplementary Fig. 2A). However, very few studies investigated these local
occipital fibers until recently?>: 26, As a result, most modern brain atlases of primate species,
including the marmoset, provide only a coarse description of the white matter fibers in the
occipital lobe (Supplementary Fig. 2B).

Our high-resolution dMRI demonstrates the layer-like structures of the occipital white
matter of the marmoset brain (Fig. 4A-C). The caudal end of the (Cg) disappears at a
coronal level near the rostral limit of the calcarine sulcus (Fig. 4A), where area prostriata 27
occupies the dorsal bank. At this same level, the stratum calcarinum (Strk) emerges, which
circumvents the calcarine sulcus (Fig. 4, red arrows-1). Although the Cg and the Strk share
similar inferior-superior fiber directions across several coronal slices (Fig. 4A), we could
observe a clear boundary between the two fibers at 80 um (Supplementary Fig. 3B) and 64
um data (Fig. 4A and 4D). This boundary is invisible in the marmoset 150 pm dataset

Nat Neurosci. Author manuscript; available in PMC 2020 July 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 6

(Supplementary Fig. 3A), the 250 um macaque dataset (Fig. 4E), or the 1050 um human
connectome dataset (Fig. 4F).

From medial to lateral, we identified commissural fibers of the inferior forceps (finfer), the
forceps majors (fmajor), and the caudal part of the tapetum of the corpus callosum (tap).
Lateral to these commissural fibers is the most prominent white matter region in the
occipital lobe, the sagittal stratum (ss), which includes, but is not limited to, fibers from the
optic radiation 3. The ss shows a clear boundary and a different fiber orientation in
comparison with the occipital vertical fasciculus (vof; Fig. 4, blue arrows-2). The ss runs in
an anterior-posterior direction (DEC-green) while the vof runs mostly in an inferior-superior
direction (DEC-blue and purple), connecting the dorsal and ventral visual cortices 26: 28, In
the most lateral part of the occipital white matter is the inferior longitudinal fasciculus (ilf)
that connects the occipital lobe with the temporal lobe 3. In addition to these major white
matter fibers, three small white matter regions showed clear boundaries with the tracts
mentioned above (Fig. 4, green arrows-3). One is a local short association fiber of the
callosomarginal sulcus (scm), which is located at the medial parietal and occipital
transitional areas, while the other two (opd and opv) circumvent around the lateral V1 and
disappear where V2 and the vof emerge. All the above white matter regions can be identified
and separated in our dMRI data (Fig. 4A-D).

3) Ventral hippocampal commissure—The ventral hippocampal commissure (vhc) is
an essential and primitive commissural fiber tract connecting the hippocampi of the two
hemispheres. In rodents, the vhc is described as a prominent “mustache-shaped” transverse
pathway in the coronal plane (Supplementary Fig. 4A). In primate atlases, including those of
the marmoset, the vhc often points to a white matter tract running just beneath the corpus
callosum (Supplementary Fig. 4B). As neuroanatomists charted these atlases without the
benefit of either diffusion orientation information or conventional tract-tracing, they inferred
the location of the primate vhc based on a similar gross appearance to the rodent vhc in
coronal sections. We show here that this subcallosal structure is not, in fact, the vhc of the
primate brain (Fig. 5) since the principal fiber orientation is anterior-posterior, rather than
left-right. The structure usually labeled the vhc is the fornix, whereas the real vhc is much
smaller and lies more ventrally near the ventral-most portion of the commissural plate.

The disproportionately larger vhc in rodents compared to primates is a source of confusion.
For example, in the mouse brain, the vhc is thicker than the corpus callosum, and the area of
the vhe at the midsagittal slice is about 0.30 mm?2. In primates, including humans, the vhc is
much smaller than in rodents. For example, while the marmoset brain size is about 20x
bigger in volume than the mouse brain size, the area of its vhc at the midsagittal slice is
about 0.19mm2. Similarly, in the macaque, the size of the vhc is even smaller, considering
the enlarged brain size, and in the 250 pm dataset, it appears to be a small spot underneath
the fornix (Fig. 5D). In humans, the relative size of the vhc may be even smaller, and thus it
cannot be detected in the in-vivo human connectome data (1050 um, Fig. 5F,G), nor any
other published dataset of humans. The difference in the relative size of the vhc highlights a
significant evolutionary distinction in the interhemispheric connections of the hippocampus
between rodents and primates. However, mainly due to the limitations of histological data,
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many existing primate atlases have failed to describe this difference and mislabeled the
location of the ventral hippocampal commissure.

Fine-detailed white matter atlas and its applications

The examples above demonstrate the levels of detail of white matter structures of the
marmaoset brain that our dMRI dataset can identify. Based on the data, we digitally dissected
and manually drew 82 white matter tracts on multi-modal MRI templates, which covered
most of the white matter area of the marmoset brain, including both cortical and non-cortical
white matter (Supplementary Table S1 for a complete list). The high-resolution DEC maps
directly identified most major white matter tracts, but many required additional information,
including estimation from probabilistic tractography and previous knowledge from neuronal
tracing data, histological data, and comparative evidence. In the Methods section, we
provide examples of how we combined different evidence to dissect the white matter.

The white matter atlas is a product from the second stage (V2) of the MRI-based Marmoset
Brain Mapping Project. In the previous stage (V1)16, we released a gray matter atlas that
provided detailed cortical parcellations and a beta version of the subcortical atlas
(Supplementary Table S2 for a complete list). We used the same brain sample to generate
both our previous (V1) atlas® and the current (V2) white matter atlas. To improve the
usability of our new resource, we fused the V1 atlas into the new high-resolution MRI
templates, and thus we have complete labeling of both gray and white matter in the V2 atlas
(Fig. 6A).

Similar to our previous V1 atlas1®, the new V2 atlas also features multi-modal MRI
templates, including multiple DTI contrasts, T2, T2*, and MTR templates to facilitate
registration of our atlas to different imaging modalities such as MRI, PET, CT, histology,
etc. For most MRI studies, our atlas allows users to select a template contrast that is matched
with their MRI images to ensure accurate registration. As for histological images, for
example, Nissl-stained images, the MTR template allows for a better registration than the
other template modalities. The V2 atlas and associated MRI templates can be downloaded in
NIFTI format from our website (marmosetbrainmapping.org/atlas.html) and implemented in
the widely distributed neuroimaging data analysis software AFNI (AFNI command:
@Install_ NIH_marmoser). The following section presents demonstrative applications.

1) Localization of white matter regions—In a recently published preclinical study of
a marmoset model of multiple sclerosis?®, multiple white matter lesions were detected in the
marmoset brain (Fig. 6B). Due to the lack of a white matter atlas of the marmoset brain, the
study could only provide a general descriptions of the location of the lesions, such as
“periventricular white matter lesions” by using the ventricles as landmarks. Now, with the
availability of our atlas, we can accurately describe the two featured lesions: one involves
the forceps major (or splenium) of the corpus callosum and the inferior forceps (red box in
Fig. 6B), while the other is located between the sagittal stratum (or optical radiation) and the
occipital vertical fasciculus (blue box in Fig. 6B). By combining the white matter atlas with
our neuronal tracing database, we may infer which cortical regions are associated with the
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lesioned tracts, and predict the functional deficit caused by the lesions. This ability makes
for a much more useful information than the original description of the white matter lesions.

2) White matter atlas guided tractography—In diffusion tractography, prior
knowledge of neuroanatomy and connections is routinely used to constrain tractography
algorithms, e.g. by using white matter waypoint ROIs. The fully labeled 3D whole-brain
white matter regions (ROIs) provide a versatile solution to constrain dMRI tractography
(Fig. 7) and relieves operators from the tedious task of drawing ROls.

Here, we use the reconstruction of the Cg as an example (Fig. 7B-F). The Cg is a major
association fiber pathway of the limbic system. The main bundle of the Cg stretches from
the medial frontal cortex, extends laterally along the cingulate gyrus (superior cingulum
(Scq)), curves ventrally around the splenium and runs into the parahippocampal areas
(parahippocampal cingulum). The cingulum is a well-known and exemplary tract in dMRI
studies of human and animal models® 8. However, most studies of the Cg failed to warn that
a small white matter tract, called the lateral longitudinal striae (lls), can easily contaminate
dMRI tractography of the Cg. The lls is one of the fiber tracts embedded in the supracallosal
gyrus (or the indusium griseum), which is located underneath the cingulate gyrus, and thus,
is spatially close to the Cg bundles. The lls, with a similar fiber orientation as the Cg, curves
into the hippocampus around a location that is very close to where the Cg curves into medial
temporal areas. As our atlas has the small white matter tracts labeled in a 3D manner, we can
directly use the ROI of the lls as a filtering mask to separate the lls from the Cg.

In addition to ROIs from the white matter atlas itself, we can also apply gray matter ROIs to
filter any segment tract of interest, such as the frontopontine fibers (Fig. 7G-I). For this
example, we first reconstructed gross projection tracts by using the ROIs of the internal
capsule, the cerebral peduncle, and the longitudinal pontine fasciculus as seeds and masks.
We then picked all prefrontal and premotor ROIs from the cortical atlas to segment the
frontopontine tract from the whole projection tracts. With a different combination of ROIs
from our complete atlas, the atlas-guided dMRI tractography greatly facilitates dMRI and
white matter studies of the marmoset brain.

3) Mapping anatomical connections with neuronal tracing data—Marmoset
Brain Connectivity Atlas!’ is the most comprehensive retrograde tracing database for
marmoset cortical connections (Fig. 8A, left panel). Although the retrograde tracer provides
accurate mapping of cortical connections by staining cell bodies, it cannot reveal white
matter fiber-pathways connecting the regions. However, in many applications, we want to
know and analyze the white matter underlying these connections, which is valuable
information missing from the tracing database.

Here, we combined high-resolution dMRI tractography with neuronal tracing data to fill the
missing information. By performing probabilistic tractography between any two connected
regions, we generated a tracking probability map as an estimation of the white matter
pathways of the connection (Fig. 8A, middle panel). After obtaining the tracking probability
maps, we calculated the sum of probability in each white matter ROIs from our atlas. We
ranked the white matter ROIs based on their sum of probabilities, and the top ROIs
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represented the most probable fiber-pathways that support the selected connection. For
example, the analysis revealed the superior cingulum is a major tract connecting area 8aD
and A30 (Fig. 8A, right panel).

Additionally, we averaged all tracking probability maps associated with one specific cortical
region to examine fiber pathways supporting one region. For example, this approach
revealed that different fiber pathways support areas 8aD and 8aV (Fig. 8B). Area 8aD
connects to the parietal and posterior areas of the brain using both a medial cortical pathway
via the superior cingulum (scg) and a lateral pathway via the superior longitudinal fasciculus
(sIf), whereas area 8aV connects mainly via the sIf. Altogether, these tracking probability
maps form a comprehensive fiber-pathway mapping of marmoset cortical connections,
which are downloadable and can be directly viewed online via our website
(2dviewer.marmosetbrainmapping.org).

Discussion

There are three commonly used approaches to identify and map white matter fiber pathways:
1) histological methods to stain axons or myelin; 2) case-based neuronal tract-tracing
methods; 3) dMRI tractography. Although the traditional histological staining methods can
provide higher resolution than the dMRI, these methods utilize 2D sections of the brain,
making it challenging to reconstruct complex white matter pathways in 3D. By revealing the
real axons of fiber pathways, the neuronal tracing methods provide vital information about
specific anatomical connections, but their case-based procedure is not efficient in mapping
white matter pathways over the entire brain. With the value of preserving fiber orientation
information in 3D and the intact mapping of the brain, the dMRI-based method employed
here provides a unique opportunity to describe anatomical features of white matter pathways
that were previously out of reach. Also, MRI contrasts can be directly used as templates for
registration and normalization, which dramatically improves the usability of the brain
atlases. Most importantly, the same MRI techniques can be used in both humans and animal
models, and thus, MRI-based atlases have advantages in comparative and translational
research 30,

One limitation of dMRI is the difficulty in achieving fine enough spatial resolution that
allows mapping of small but important fiber pathways, and in dissecting complex white
matter regions, such as the corona radiata. Hardware constraints set the limits for collecting
ultra-high-resolution dMRI data in humans and NHPs with large brains that hardly fit into a
high-field magnet with a strong gradient set. Here, we chose to image the small marmoset
brain, which fit in ultra-high field strength vertical magnets equipped with stronger gradient
sets and more sensitive RF coils. These technical advantages outweighed the disadvantages
of the small size in terms of MRI data quality, which made the acquisition of our ultra-high-
resolution dataset and the construction of the fine-detailed 3D white matter atlas possible.

Another limitation of the dMRI is the questionable accuracy of dMRI tractography in
examining the anatomical connectivity of the brainl® 20, One approach to improve accuracy
is resorting to prior knowledge from neuronal tracing data. In this aspect, the marmoset has
the most comprehensive neuronal tracing databases among all primate species, including the
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Marmoset Brain Connectivity Atlasl’ and the Marmoset Brain Architecture Project3L.
Taking advantage of one of these neuronal tracing databases, we used the tracing data to
constrain dMRI tractography. Not only this approach improved the accuracy of our
tractography, but it also provided a comprehensive map of the white matter fiber pathways
connecting different cortical regions. However, we still need to be cautious when
interpreting the results of dMRI tractography. DMRI tractography is a macroscale method,
whereas neuronal tracing is a mesoscale method. The comparison of techniques at different
scales hardly yields absolute agreement. Although our high-resolution resource may
improve the accuracy of mapping fiber-pathways, it could not resolve the fundamental
inherent ambiguities of dMRI tractography1®: 20. 32,33 |n addition, our tracing-guided
tractography used entire cortical areas as seeds, but white matter connections from different
subregions within large cortical areas often take different routes to reach their target® 34,
One future direction will be to develop atlas-free maps of white matter fiber pathways by
using each individual injection site as a seed for dMRI tractography, which will further
improve their accuracy.

The small and smooth brain of the marmoset provides many technical advantages in
mapping fiber pathways and studying brain connectivity. As demonstrated in this study,
white matter bundles share common features across different primate species. These
similarities were also the reason why we were able to identify many marmoset white matter
fibers based on comparative evidence from macaquesS. In addition to anatomical structures,
recent studies have also revealed functional brain networks are largely preserved between
marmosets and other primates, including humans!1-14, The marmoset brain provides an
easier way to describe and understand the fundamental brain architectures of the primate
brain, as the core laminar organization of the white matter pathways is more apparent in the
marmoset due to fewer influences from gyrification.

However, caution should be exercised when making direct inference about other primates,
especially regarding those brain regions that highly evolved in humans2 3536, Here, we
demonstrated the resolution limitations of existing MRI data of macaques and humans,
which requires higher resolution to fully describe their neuroanatomy features. Our scanning
protocols of marmoset brain samples were a useful experience to design and optimize the
scanning protocols for other primates. Together with recent development in MRI hardware
and rapid imaging, such as the multi-band sequence and compressing-sensing

techniques3”- 38, acquiring ultra-high-resolution data of other primates will be feasible, and
by then the marmoset data and atlases released here will be valuable comparative references
to reveal common connectional and evolutional principles of the primate brains.

Data acquisition and preprocessing

1) Brain samples—All experiments were approved by the Animal Care and Use
Committee of the National Institute of Neurological Disorders and Stroke. Formalin-fixed
brain samples from two male common marmosets (Callithrix jacchus) were scanned for
ultra-high-resolution MRI. One brain sample was from a 4.5-year-old marmoset, and the
other was a 10.9-year-old. These samples were used in all procedures described here. Before
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MRI scanning, brain samples were soaked with 0.2% gadolinium (1 mmol/mL, Gadavist,
Bayer) in 1x PBS for 2 weeks and then with 0.2% gadolinium in pure water for 1 day. The
gadolinium effectively reduced the T1 relaxation time of tissues, and thus, reduced total
acquisition time, and the final day pure-water protocol helped restore the T2 relaxation time
by reducing formalin in the tissues. Customized 3D-printed brain holders were made to
maintain the samples in a convenient orientation and reduce vibration during scanning. More
information can be found in the Life Sciences Reporting Summary.

2) MRI data collection—One brain sample (4.5-year-old) was scanned on a 7T/30cm
horizontal bore MRI spectrometer (Bruker Biospin) with a 30-mm ID quadrature millipede
coil (ExtendMR, LLC, Milpitas, CA). This millipede coil was tailored for scanning adult
marmoset brain samples. Its sensitivity was about 2.5 times better than a 35-mm linear
birdcage coil from Bruker used in our previous publication16. The white matter atlas was
built on data collected from the brain sample. Another brain sample (10.9-year-old) was
scanned on a 14T/8.9cm vertical bore MRI spectrometer (Bruker Biospin) with a 20-mm
linear millipede coil (m2m Imaging). The 14T microimager had a stronger magnetic field
and gradient strength, but the bore size can only fit half marmoset brain. Thus, we acquired
multi-shell dMRI data at 64 pm for one half of the brain (the right hemisphere).

On the 7T scanner, whole-brain multi-modal MRI data were collected, including 80 pm
multi-shell dMRI, 80 um MTR, 50 pm T2*-weighted and T2-weighted images:

a. The dMRI data were collected with an 3D diffusion-weighted multi-shot spin-
echo EPI sequence: TR =200 ms, TE = 29 ms, number of averages = 1, number
of segments = 88, FOV = 38x29.76x29.76 mm, matrix size = 474x372x372,
resolution = 80 um isotropic, a total of 204 DWI images with three b values (8 b
=0, 6 b =230, 64 b=2400, and 126 b = 4800), and the total acquisition time was
about 15 days. Multi-shell gradient sampling schemes of the dMRI were
generated by the IMOC method of DMRITool*3.

b. The MTR image was collected with a 3D FLASH sequence: TR =29.5ms, TE =
4.4 ms, flip angle = 20°, FOV = 39x28x25.6 mm, matrix size = 487x350x320,
resolution = 80 um isotropic, number of averages = 2, with (M) and without
(Mp) an offset magnetization transfer (£2000 Hz off-resonance, Gaussian-
shaped), acquisition time for each image is 2.5 hours. One MTR image was
calculated from four images (two Mg and two Ms). We acquired five MTR
images and averaged them into one final image (total acquisition time was 50
hours).

C. The T2*-w image was collected with a 3D FLASH sequence: TR =50 ms, TE =
22 ms, flip angle = 80°, FOV = 39x28x25.6 mm, matrix size = 780x560x512,
resolution = 50 pm isotropic, number of averages = 1, and acquisition time for
one image was about 4h. We acquired ten images and averaged them into one
(total acquisition time was 40 hours).

d. The T2-w image was collected with a 3D spin-echo sequence: TR =250 ms, TE
=17.5 ms, FOV = 39%28x25.6 mm, matrix size = 780x560x512, resolution = 50
um isotropic, number of averages = 1, and acquisition time for one image was
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about 20h. We acquired three images and averaged them into one (total
acquisition time was 60 hours).

On the 14T scanner, half-brain multi-shell dMRI data were collected using a 3D diffusion-
weighted multi-shot spin-echo EPI sequence: TR = 160 ms, TE = 23 ms, number of averages
= 3, number of segments = 51, FOV = 25.6x17.4 x13.3 mm, matrix size = 400x272x208,
resolution = 64 um isotropic, a total of 191 DWI images with three b values (L b =0, 64 b
=2400, and 126 b = 4800), and the total acquisition time was about 11.3 days.

3) MRI data preprocessing—All data processing was performed on computing
clusters of the High Performing Computation (HPC) systems at the National Institutes of
Health (hpc.nih.gov). The dMRI data were denoised by the dwidenoise function
implemented in MRtrix344 and eddy-current corrected by the eday _correct function of
FSL45. Besides, as a separate processing pipeline, the 80 um dMRI data were also
preprocessed using the DIFFPREP of TORTOISE, which allowed using T2-w image for
EPI-distortion correction and DWI reorientation®®. The preprocessed data were fitted with
the diffusion tensor model (DT1)10:47.48 by the DTIFIT of FSL4® and the multi-shell multi-
tissue constrained spherical deconvolution by MRtrix349: 50, These fittings generated
fractional anisotropy (FA)9, and fiber orientation distribution (FOD)? weighted MRI
contrast with principle fiber direction information (DEC) that guided manual dissection of
the white matter22 51, Probabilistic tractography was conducted using the iFOD2 method of
MRtrix349, which produced tracking probability maps that assisted delineating boundaries
of several white matter tracts and estimated fiber-pathway profiles of cortical connections.
These raw DWI data, preprocessed DWI data, and detailed preprocessing and tractography
pipelines were provided in our website (*detailed info” pages of each dataset)
(marmosetbrainmapping.org/data.html).

No statistical methods were used to pre-determine sample sizes, but our sample sizes are
similar to those reported in our previous publicationl8. No statistical tests were used in the
preparation of the atlas and analysis of the data obtained. Data distribution was assumed to
be normal, but this was not formally tested. Data collection and analysis were not performed
blind to the conditions of the experiments. No animals or data points were excluded for any
reason.

White Matter Dissection

We manually labeled 82 ROIs on multi-model MRI templates at 80 um isotropic, which
covered most white matter area of the marmoset brain. Most major white matter could be
identified in the DEC maps, but some required additional information. The following
examples demonstrate the use of additional information to identify the white matter of
interests.

1) Dissection based on DEC maps—The high spatial resolution (80 pm and 64 pum)
and color-coded information of the DEC maps from our dMRI data provided essential fiber
orientation contrasts to dissect complex white matter areas. The three examples presented in
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the Results section demonstrate the capability of the DEC to dissect the most complicated
white matter areas of the primate brain.

For example, in the corona radiata (Fig. 2 and 3), DEC maps show “green-color” spots
among branches of the dominating “purple-color” fibers. These spots are the superior
longitudinal fasciculus that runs in an anterior-posterior direction (perpendicular to the
coronal section), which was hard to identify in previous dMRI data and histological atlases.
At the bottom of the corona radiata, a small branch (“red-color”) from the corpus callosum
separates the FOF and the Muratoff bundle, both of which have a similar anterior-posterior
direction (“green-color”). This branch was not visible in previous dMRI or histological data.

The primate occipital lobe is another brain region with a complex white matter structure
(Fig. 4). Unlike the crossing-fiber structure of the corona radiata, the white matter of the
occipital lobe clearly has a layered structure. Each layer represents different fiber-pathways
with different fiber orientations, which are identifiable in the DEC maps. The high-
resolution and high-contrast DEC maps also made it easier to identify small white matter
tracts such as the ventral hippocampal commissure (vhc), which has been incorrectly labeled
in many previous atlases (Fig. 5).

2) Dissection based on probabilistic tractography—DEC allowed us to identify
and delineate tract boundaries directly on the images themselves. However, many adjacent
structures may be branches from one vast white matter region and may not present a sharp
boundary in DEC images. For example, the corpus callosum curves backward into the
occipital lobe to form the forceps major (fmajor) and curve laterally into the temporal areas
to form the tapetum (tap). Due to different fiber orientations, the two tracts show distinct
colors in the DEC images (Fig. 4). However, since they are two different branches of the
corpus callosum, they show a gradually-changing boundary that require an arbitrarily
defined threshold to make white matter ROIs. To improve this arbitrary solution, we
performed probabilistic tractography here to reconstruct the fmajor by using the visual
cortices of the two hemispheres as the seeds and targets (inclusive mask). The tracking
probability map of the fmajor provided a more precise contrast than the DEC to define the
boundary between the fmajor and the tap arbitrarily.

We also used probabilistic tractography in other situations. The DEC maps provide local
contrast, but many white matter tracts are defined based on the cortical regions they connect,
not solely based on their local contrast. For example, the superior longitudinal fasciculus
(sIf), which connects the frontal area and the parietal area, merges into the dorsal part of the
sagittal stratum (ss) in the occipital lobe. There is no clear boundary between the sIf and the
ss since both tracts run in the anterior-posterior direction (green in DEC map). In this case,
we performed probabilistic tractography to reconstruct the slf by using the frontal cortical
region as the seed, the parietal region as the target, and the occipital lobe as the exclusive
mask. The probabilistic tractography maps thus provide a complementary contrast to guide
and manually delineate the sif.

3) Dissection based on neuro-tracing data and comparative evidence—Both
DEC and probabilistic tractography maps provide rich information and complementary
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contrasts to delineate white matter ROIs manually, but how to label these white matter ROIs
anatomically poses another challenge. Despite most of the major white matter tracts being
well known, some marmoset white matter tracts have few references available. Due to the
homology of the white matter structures across primates, previous macaque studies provided
useful comparative evidence that helped us label many white matter structures. For example,
the FOF and the Muratoff bundle had been described in previous macaque tracing studies®.
In marmosets, these two tracts matched their descriptions in macaques well. In addition to
the comparative evidence, we also resorted to the current ongoing anterograde tracing
database of the marmoset brain, the Riken Marmoset Brain Architecture Project3!, to search
for evidence for our labeling. For example, the FOF and Muratoff bundle were identifiable
in tracing maps from anterograde AAV injections in the premotor regions and posterior
parietal cortex (Supplementary Fig. S5).

Several white matter ROIs can be segmented into smaller sub-regions in different ways.
Here, we segmented white matter ROIs only if (1) the sub-regions had a clear boundary in
the contrasts by DEC maps or tracking probability maps; or (2) there was consensus about
the segmentation. For example, one may choose to divide the corpus callosum into three (the
genu, the body, and the splenium) or four segments (the rostrum, the genu, the body, and the
splenium). Not only their boundaries are hard to identify in our data, but also there is no
consensus about how to divide the corpus callosum. Thus, we kept the central part of the
corpus callosum as a single ROI (unsegmented), to allow users to choose how to divide the
corpus callosum.

Atlas Construction

All white matter ROIs were manually drawn directly on the 80 um data, which provided
multi-modal MRI templates, including multiple dMRI contrasts, T2, T2* and MTR images.
The T2 and T2*-weighted images were down-sampled from 50 um to 80 um, and all MRI
contrasts were co-registered into the same template space (80 um). Additionally, we
transferred all atlas labeling to the native 50 pm T2-w and T2*-w MRI templates as well. All
atlas sets were constructed on the right hemisphere and mirrored to the left hemisphere.

In our previous study®, we released a gray matter atlas that provided detailed cortical
parcellations and a beta version of the subcortical atlas. We manually delineated 54 cortical
areas based on multi-modal MRI contrasts. The 54 areas were merged into 13 large cortical
regions based on their spatial locations, and parcellated into 106 smaller cortical areas based
on dMRI tractography based connectivity. In addition, we provided a parcellation in the
previous atlas based on the Paxinos histological atlas*l. We revealed about 25%
disagreement among different published marmoset cortical atlases!®. As there are no gold
standards for cortical parcellations, we provided the different parcellations in our atlas and
allowed the users to select the one they prefer to usel®.

Our previous gray matter atlasi® and the current white matter atlas were generated from the
same marmoset brain sample. To improve the usability of our new resource, we fused the
previous gray matter atlas into the new high-resolution MRI templates using non-linear
transformation by ANTs®2 to account for sample distortions. The non-linear transformation
was estimated based on the DTI-FA templates of two atlases. Thus, our new atlas (V2) has a
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complete set of labels for both gray and white matter. The V2 atlas described here can be
automatically installed in the latest version of the software AFNI%3 via the AFNI command
@ Install_NIH_Marmoset. Alternatively, it can be directly downloaded from our website
(marmosetbrainmapping.org/atlas.html).

Atlas and Data Application

1) Application in diffusion tractography—All diffusion tracking was performed
using the iFOD2 method of the software Mrtrix349. Reconstruction of different fiber-
pathways was achieved via a combination of atlas ROIs for tracking seeds, inclusion, and/or
exclusion masks (Fig. 7). For example, we used the following ROl combination to generate
the tracking map of the cingulum (Fig. 7B). The ROIs of the superior cingulum and the
parahippocampal cingulum were used as the seeds. Two coronal slices of the cingulum were
used as the inclusive masks, one located at the anterior end of the superior cingulum and the
other at the end of the parahippocampal cingulum. The superior longitudinal fasciculus and
the lateral longitudinal striae were used as the exclusive masks. In another example (Fig.
7C), we combined ROIs of the internal capsule, the cerebral peduncle, and the longitudinal
pontine fasciculus as the seeds. One coronal slice of the internal capsule and one slice at the
end of the frontopontine tract were selected as the inclusive masks. The ROI combination
guided the reconstruction of the whole projection fiber system via the internal capsule. The
resulting projection tract can be segmented using the gray matter ROIs. For example, we
used the frontal cortical ROIs as the filtering mask to segment the frontopontine tract from
the whole projection tract. The detailed tracking command pipeline is described on our
website (marmosetbrainmapping.org/80um.html#tracking).

2) Application in the analysis of neuronal tracing databases—The Marmoset
Brain Connectivity Atlas has 143 cortical injections using retrograde tracers that provide a
dense matrix of directional connections!’. Since the tracers only labeled cell bodies, we did
not know which white matter pathways support each pair of cortico-cortical connections.
Here, we used our high-resolution diffusion tractography and the white matter atlas to
estimate the missing information. For each pair of connected cortical regions in the tracing
database, we conducted diffusion tractography by using one region as the seed and the other
as the target, and vice-versa, to generate two sets of tracking probability maps. The two
probability maps were averaged into a single map to represent the final map of the
connection. We then calculated the sum of probabilities in each white matter ROl and ranked
them according to their sum of probabilities. The top ROIs represented the most probable
fiber-pathways that support the selected brain connection. Similarly, for each cortical region,
all tracking maps of the region were averaged and then ranked by the white matter atlas to
estimate the fiber pathway profiles of the region.

Data Availability

The resource presented here includes: (1) diffusion MRI (dMRI) data with the highest
resolution available to date revealing white matter features never previously described; (2) a
comprehensive 3D white matter atlas depicting fiber pathways that were either omitted or
misidentified in previous atlases; and (3) comprehensive fiber-pathway maps of cortical
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connections combining dMRI tractography and neuronal tracing data. The raw data and all
other features of the resource can be downloaded in NIFTI format from our website
(marmosetbrainmapping.org).

Code Availability

The resource presented here includes code and analysis routines for each dataset that are
available for downloading under the corresponding “Detailed Info” section in our website:
https://marmosetbrainmapping.org/data.html. More information is available in the
Supplementary Software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A. Ultra-high resolution data of marmoset
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Figure 1. Comparison of isotropic data resolution, brain volume, and fiber volumes between
mar mosets, macaques, and humans.

(A) Compared to our previous 150 um datal6, the new dataset has a substantial improvement
in spatial resolution, including 80 um dMRI (left), 50 um T2* (middle), and 64 pym dMRI
(right). (B) Comparison of voxel resolution. The macaque ex-vivo dMRI dataset has 250 um
resolution20, and the human in-vivo dMRI dataset from the 7T human connectome project?!
has 1050 um resolution. In terms of volume (um3), the resolution of our 64 um data is 59.6x
and 4416x higher than that of the macaque and human data, respectively. (C) Comparison of
the brain and fiber volumes (um?3). Brain sample images are from brainmuseum.org. All
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volumes are estimated from three population-based templates, including a marmoset
template from 22 adult marmosets, a NMT macaque template3%, and a MNI152 adult human
template?®. The five white matter tracts shown are the corpus callosum (blue), the anterior
commissure (green), the posterior commissure (red), the fornix (yellow), and the optic white
matter (cyan; including the optic nerve, the optic chiasm, and the optic tract).
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A. The corona radiata in macaque and human data

Figure 2. The coronaradiataimaged at different spatial resolutions.
(A) Coronal slices of the corona radiata (white rectangle) of an ex-vivo macaque brain (at

250 um) and an in-vivo human brain (at 1050 um). Note that the corona radiata is mostly
dominated by projection fibers from the internal capsule (ic; gray arrow-1). (B) Coronal
slices that show the corona radiata of marmoset brain acquired at increasing spatial
resolution. Colored arrows highlight areas that benefit from the use of higher spatial
resolution (see text for details; the zoomed-in view is provided in Supplementary Fig. 1).
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A. FOF and Muratoff Bundle (coronal)
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Figure 3. Fronto-occipital fasciculus (FOF) and the Muratoff bundle.
(A) Coronal slice (64 um) through the corona radiata of the marmoset, where the FOF and

the Muratoff bundle are highlighted. (B) Sagittal slice (80 pm) showing the FOF and
Muratoff bundle. Two white matter fiber pathways run in a similar direction (green: anterior-
posterior) and are separated by a small fiber running left-to-right (red). (C) Non-
phosphorylated neurofilament staining of coronal slices from the Paxinos atlas*! and the
Hardman atlas*2 (modified with permission from the original authors) show that previous
histological marmoset atlases cannot distinguish the two fiber bundles due to the lack of
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fiber-orientation contrasts. (D) As well, the macaque (250 pm) and human dMRI data (1050
um) cannot distinguish the two fiber bundles due to their insufficient spatial resolution.
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Local fibers in the occipital lobe of marmosets

v

- 2

Marmoset .

Figure 4. White matter fiber pathwaysin the marmoset occipital lobe.
(A-C) White matter structures in the marmoset occipital lobe. Three different coronal slices

are presented with the color-coded tract density maps generated from the 64 um dataset.
Colored boxes and arrows highlight local fibers. (D-F) Cross-species comparison of the
occipital white matter, which shows highly homologous structures across marmosets (64
um) (D), macaques (250 um) (E) and humans (1050 um) (F). Small fiber branches and local
U fibers formed by sulci are not shown. Hp - hippocampus.
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Figure 5. Theventral hippocampal commissure (vhc) of primates.
(A) Middle sagittal slice of the FA-weighted DEC image of the marmoset brain (80 um).

White arrows highlight the vhc and the area mistakenly labeled as the vhc in most atlases.
(B) A coronal slice of the marmoset that shows dominant left-right fiber orientation in the
vhc. The bottom right is the fiber orientation distribution image for each voxel and overlaid
on the FA image, and the fiber orientation of the voxel highlighted by the white dot is
presented. (C) A coronal slice of the marmoset brain showing the non-vhc region (fornix
area), in which fiber orientation is dominated by the anterior-posterior (DEC-green)
direction. (D-E) The vhc and non-vhc white matter in the macaque brain, which shows a
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relatively smaller vhc. (F-G) The vhc of the human brain is too small to be identified by the
in-vivo connectome data (1050 um). A coronal image is shown in F, and a middle sagittal
image is shown in G.
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Figure 6. Atlasversion 2 and its applicationsin preclinical research.
(A) Version 2 of the Marmoset Brain Mapping Atlas includes not only the new white matter

atlas but also atlases of different cortical parcellation and subcortical gray matter structures
from version 116, All these atlases are provided in the same coordinate space at 80 um and
50 pum with multi-modal MRI templates. These atlases and high-resolution templates are
integrated into the AFNI software to provide a fully featured atlas utility. (B) An example
from a marmoset disease model that demonstrates how our atlas can improve the localization
of the white matter lesion. The original description is cited from2°,
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Atlas-guided tractography

Figure 7. Atlas-guided dMRI tractography.

(A) Several major pathways reconstructed by atlas-guided tractography are presented. From
left-to-right and top-to-bottom are: the forceps minor; the forceps major; the inferior
forceps; the anterior commissure; the circuit tract connecting hippocampus of two
hemispheres via the vhc; the hippocampus-fornix-mammillary bodies circuit; the cingulum;
the uncinate fasciculus; the inferior longitudinal fasciculus; the occipitofrontal fasciculus;
the occipital vertical fasciculus; the optic tract - LGN - optic radiation circuit tract. (B-F) An
example of accurate filtering by the atlas. (B) shows the reconstructed cingulum (cg) that is
contaminated by the lateral longitudinal striae (lls); (C-D) shows the cg and lls on a sagittal
slice and a coronal slice (80 pm), respectively. (E) shows the ROI of the lls from the atlas on
a sagittal slice. (F) shows the filtered cg in which the Ils is removed by using the atlas. (G-1)
shows an example of a tract segmentation by the cortical atlas. (G) shows the reconstructed
projection fibers via the internal capsule. (H) shows the frontal cortical regions of the
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cortical atlas (ROls 1-16 of the MRI-based 54-area cortical parcellations in our atlas?8,
Supplementary Table 2). (1) shows the frontopontine fibers from the projection fibers in (G)
by using the frontal cortical ROIs in (H) as the filtering mask.
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Figure 8. Fiber-pathway profiles of cortical connections and regions.
(A) Fiber pathway of a connection (e.g., the connection between A8aD and A30). The

tracing database (Marmoset Brain Connectivity Atlas) provides information about which
regions are connected (first column). Probabilistic tractography between two connected
regions generates a tracking probability map (second column). By ranking the probability
map with our white matter atlas, we estimate the fiber pathway supporting the connection
(third column). (B) Fiber pathway profiles of a cortical region (A8aD and A8aV). All
tracking maps of one region are averaged and then ranked by the white matter atlas to
estimate the fiber pathway profiles of the region. All fiber profiles are scaled so that the top-
ranking fiber pathway has a value of 1. s/f: superior longitudinal fasciculus, scg: superior
cingulum; ex. external capsule; ss. sagittal stratum.
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