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Abstract

Diffusion-weighted magnetic resonance imaging (dMRI) is a non-invasive imaging technique that
provides information about the barriers to the diffusion of water molecules in tissue. In the brain,
this information can be used in several important ways, including to examine tissue abnormalities
associated with brain disorders and to infer anatomical connectivity and the organization of
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white matter bundles through the use of tractography algorithms. However, dMRI also presents
certain challenges. For example, historically, the biological validation of tractography models has
shown only moderate correlations with anatomical connectivity as determined through invasive
tract-tracing studies. Some of the factors contributing to such issues are low spatial resolution,

low signal-to-noise ratios, and long scan times required for high-quality data, along with modeling
challenges like complex fiber crossing patterns. Leveraging the capabilities provided by an ultra-
high field scanner combined with denoising, we have acquired whole-brain, 0.58 mm isotropic
resolution dMRI with a 2D-single shot echo planar imaging sequence on a 10.5 Tesla scanner in
anesthetized macaques. These data produced high-quality tractograms and maps of scalar diffusion
metrics in white matter. This work demonstrates the feasibility and motivation for in-vivo dMRI
studies seeking to benefit from ultra-high fields.
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1.

Introduction

Diffusion-weighted magnetic resonance imaging (dMRI) is a non-invasive neuroimaging
modality that is sensitive to the restriction of water molecules within tissue (Le Bihan

et al., 1986). In the brain, dMRI has been used to study pathology in multiple disease

states, including Alzheimer’s Disease, Parkinson’s Disease and schizophrenia (Granberg et
al., 2017; Kamagata et al., 2020; Kubicki et al., 2007). More specifically, diffusion tensor
imaging (DTI) uses this information to characterize the microstructure and primary fiber
orientation present in each voxel (Le Bihan et al., 2001; Mori and Zhang, 2006). Other, more
recent models, including constrained spherical deconvolution (CSD) (Tournier et al., 2008)
and neurite orientation dispersion and density imaging (NODDI) (Zhang et al., 2012), also
estimate multiple fiber orientations as well as axonal density in brain tissue. These estimates
can then be utilized by tractography algorithms to visualize white matter pathways (Behrens
et al., 2003; Tournier et al., 2019) and estimate structural brain connectivity.

The majority of dMRI brain studies (in both humans and nonhuman primates) have been
conducted at 3 Tesla, whether in individual laboratories or through large-scale efforts

like the human connectome project (HCP) (Autio et al., 2020; Sotiropoulos et al., 2013;
Tounekti et al., 2018). Such studies can be more than adequate for some applications of
dMRI, such as the assessment of between-population differences in white matter tissue
properties. However, structural connectivity estimates derived from such dMRI data through
tractography are often inaccurate, producing not only false connections, but also failing to
reproduce known ones (Azadbakht et al., 2015; Bullock et al., 2022; Donahue et al., 2016;
Grier et al., 2020; Maier-Hein et al., 2019; Reveley et al., 2015b; Schilling et al., 2019;
Shen et al., 2019; Thomas et al., 2014). One contributing factor to these inaccuracies is
the large dMRI voxel size relative to an axon or axonal fasciculi. An average axon is <

1 ym in diameter (Liewald et al., 2014), whereas a typical isotropic dMRI voxel is 21.5
mm. This means a single voxel can contain millions of axons with various orientations or
exhibit partial volume effects that can confound tractography estimates (Alexander et al.,
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2001). One potential solution to this dilemma is improved spatial resolution, which requires
higher signal-to-noise ratio (SNR). Substantial SNR gains can be achieved by using higher
magnetic fields (Pohmann et al., 2016; Tavaf et al., 2021; Ugurbil, 2014, 2014; Vaughan et
al., 2001), despite the accompanying decrease in T 5, which is disadvantageous for diffusion
encoding with respect to SNR. Contemporary techniques, such as using single echoes (rather
than two) enabled by removal of eddy current effects through image processing (Andersson
and Sotiropoulos, 2016; Sotiropoulos et al., 2013), acquiring highly undersampled data
along the phase encoding direction using parallel imaging and partial Fourier (Vu et al.,
2015), and using high performance gradients (Setsompop et al., 2013; Sotiropoulos et al.,
2013) make it possible to achieve sufficiently short echo-times (TEs) for diffusion encoding
to exploit the intrinsic SNR gains of high magnetic fields (Ugurbil et al., 2013). SNR can

be further improved by adding a denoising step when preprocessing dMRI data (Moeller et
al., 2021; Veraart et al., 2016b; Veraart et al., 2016c). Additional challenges of increased BO
and B1 inhomogeneity and increased tissue energy absorption at the higher magnetic fields
are also becoming tractable using new techniques, in particular parallel transmit coils and
parallel transmit RF pulse design (Ugurbil, 2018) and optimized RF pulses (Wu et al., 2018)
As a result, 7 Tesla is increasingly prevalent in dMRI applications in humans (Gulban et al.,
2018; Kida et al., 2016; Lenglet et al., 2012; Moeller et al., 2021; Sotiropoulos et al., 2016;
Vu et al., 2015; Wang et al., 2019; Zitella et al., 2015).

Higher field scanners have also successfully been used to conduct dMRI studies, with
improved spatial resolution, SNR, and/or contrast-to-noise ratio (CNR) in smaller mammals
and ex vivotissue (Sakai et al., 2020; Schaeffer et al., 2017). Ex vivo dMRI scans of the
human brain can be collected on small-bore, very high field scanners typically reserved

for animal studies. On such systems, voxel dimensions of a few hundred microns can be
achieved, although they suffer from reduced CNR because of the properties of fixed tissue,
often requiring scan times of hours to days (Bastiani et al., 2016; McNab et al., 2009;
Roebroeck et al., 2019; Seehaus et al., 2015). /nn vivo dMRI scans of small animals, such

as mice, have achieved similarly impressive resolutions (Alomair et al., 2015; Yon et al.,
2020). Indeed, higher spatial resolution (0.5 mm vs1 mm isotropic) achieved by limiting
the diffusion encoding to low b values improves estimates of smaller fibers and reduces
partial volume effects, which has been shown to improve tractography detection of U-fibers
(Tounekti et al., 2018). Increased resolution could also improve gray matter applications of
dMRI, such as distinguishing cortical regions and defining microstructure (Ganepola et al.,
2018; Truong et al., 2014). However, tractography based on extremely high resolution dMRI
data can still generate erroneous pathways, especially if the loss of SNR that accompanies
higher resolutions pushes the data to a noise dominated, low SNR regime; for example, ex
vivo diffusion MRI data acquired at 0.13 mm isotropic resolution produced more erroneous
streamlines in multiple fiber pathways than data acquired at lower resolutions (Calabrese

et al., 2014). Clearly, the optimal protocol for collecting high resolution data will require a
balance between total scan time, angular resolution and b-values. Data obtained with both
high and low resolutions can be combined to exploit advantages inherent in the two different
data sets (Sotiropoulos et al., 2016).

The challenges and benefits of higher field strengths change according to the species
studied, but the macaque is a frequently used neurobiological model for the human brain
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because of its size and the human-macaque cortical homologies not present in rodents
(Hutchison and Everling, 2012; Laubach et al., 2022; Mars et al., 2016; Petrides and Pandya,
2002; Preuss, 1995; Watson and Platt, 2012). Furthermore, because of these similarities, the
macaque brain is also used to study a wide array of mechanisms that model brain disorders
and treatments (Heilbronner and Chafee, 2019; Johnson et al., 2021; Johnson and Slopsema,
2017; Nelson and Winslow, 2009; Vitek and Johnson, 2019; Worlein, 2014; Xiao et al.,
2016). Unlike humans, macaques can undergo invasive procedures, such as tract-tracing,
optogenetics, chemogenetics, and single-unit recordings (Cushnie et al., 2020; De et al.,
2020; Galvan et al., 2017; Raper et al., 2019; Upright et al., 2018; Watanabe et al., 2020).
There is a wealth of anatomical tract-tracing data available for the macaque, including
CoCoMac and Core-Nets (Bakker et al., 2012; Markov et al., 2014; Stephan et al., 2001),
which have been used to validate and refine diffusion tractography in macaques (Azadbakht
et al., 2015; Donahue et al., 2016; van den Heuvel et al., 2015). The combination of strong
homology to the human brain and the ability to employ invasive procedures to modulate
neural activity and determine anatomical connectivity means that high-resolution /n vivo
dMRI of the macaque brain would be invaluable.

While very high resolution dMRI has been acquired with ex vivo scans in both humans and
macaques (Azadbakht et al., 2015; Calabrese et al., 2015; Fritz et al., 2019; Sébille et al.,
2019), there are significant benefits to acquiring high resolution scans /n vivo. For example,
individualized surgical planning for deep brain stimulation (DBS) in humans and macaques
can benefit from /in vivo dMRI for targeting (Davidson et al., 2020; Hunsche et al., 2013;
Patriat et al., 2018; Plantinga et al., 2018; Johnson et al., 2016). Similarly, preoperative
dMRI scans can guide intracranial electrode implantation in macaques (Saalmann et al.,
2012). Other intraoperative surgeries in humans and/or macaques could benefit from
accurate dMRI data on white matter organization and connectivity, including the current
push for adeno-associated virus-mediated gene therapies (Hudry and Vandenberghe, 2019;
Weiss et al., 2022). The use of /n vivo dMRI also provides the opportunity to perform
longitudinal studies that monitor normal development, the progress of various disease states
or as a biomarker for neurodegeneration (Andica et al., 2020; Baldaranov et al., 2017; de
Groot et al., 2016; Fields, 2008; Huber et al., 2018; Krogsrud et al., 2016; Lévdén et al.,
2010; Mackey et al., 2012). These approaches are only possible with the use of in vivo
dMRI acquisitions, which could be improved with higher resolution scans.

Here, we detail our efforts to acquire high-quality dMRI at 10.5 Tesla in anesthetized rhesus
and long-tailed macaques. Macaques are too large for ultrahigh field, small-bore preclinical
scanners often used for /n vivo studies of smaller model organisms. The 10.5T/88 cm

bore magnet utilized in the present study currently represents the highest field, large bore
scanner in the world capable of scanning macaques (Yacoub et al., 2022) and humans (He

et al., 2020). Our approach produces, to our knowledge, the highest spatial and angular
resolution /n vivo macaque dMRI data (0.58 mm isotropic voxels) to date and is presented as
proof-of-concept for this type of data collection.
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2. Materials and methods
2.1. Subjects

We obtained data from 5 female macaque monkeys (4 Macaca fascicularis and 1 Macaca
mulatta). Weights ranged from 3.2 kg to 7.8 kgs. Experimental procedures were carried
out in accordance with the University of Minnesota Institutional Animal Care and Use
Committee and the National Institute of Health standards for the care and use of nonhuman
primates. All subjects were pair-housed in a light and temperature-controlled colony room.
Animals were fed and watered ad /ibitum. None of the animals had any prior implants or
cranial surgery performed.

2.2 Data acquisition

All data were acquired on a passively shielded, 10.5 Tesla, 88 cm horizontal bore magnet
with 60 cm accessible bore within the gradients and bore liner. This magnet was interfaced
with a Siemens (Erlangen, Germany) console and electronics (Magnetom 10.5T Plus) and
Siemens SC72 gradient sub-system operating with a maximum slew rate of 200 mT/m/s,
and maximal gradient strength of 70 mT/m. The 10.5T system operates on the E-line
(E12UV) platform, comparable to clinical platforms (3T Prisma/Skyra, 7T Terra). As such,
the user interface and pulse sequences were identical to those running on clinical platforms.
A custom designed RF coil (Supplementary Figure 1a) with an 8-channel transmit/receive
dipole array consisting of 18 cm long end-loaded dipoles combined with a close-fitting
16-channel loop receive only array head cap, and an 8-channel loop receive only array of
50 x 100 mm size located under the chin (Lagore et al., 2021; Yacoub et al., 2022) was
used in all experiments; thus, the total number of receive channels in this coil is equal to
32. The 16 close fitting head cap receive only loops are divided into 14 individual receive
loops of 37 mm combined with 2 larger ear loops of 80 mm. All receiver loops were
arranged in an overlapping configuration for nearest neighbor de-coupling. The combined 32
receive channels support 3 fold acceleration in the phase encode direction. The coil holder
was designed to be semi-stereotaxic, capable of holding the head of the animal in a stable,
centered position via customized ear bars. The receive elements were modelled to adhere
as close to the surface of the animals’ skulls as possible. Transmit phases were fine-tuned
for excitation uniformity for one representative animal and the calculated phases were

then used for all subsequent acquisitions. Magnetic field homogenization (BO shimming)
was performed using a customized field of view with the Siemens internal 3D mapping
routines. Multiple iterations of the shims (using the cardiac adjusted FOV shim parameters)
were performed and manual fine adjustments performed on each animal. High-order shim
elements (3rd order) were disregarded for these procedures.

On scanning days, anesthesia was induced by intramuscular injection of atropine (0.5
mg/kg), dexmedetomidine (13 g/kg) and ketamine hydrochloride (7.5 mg/kg). Animals
were transported to the anteroom of the scanner and intubated with an endotracheal tube.
Anesthesia was maintained using 1.5-2% isoflurane mixed with oxygen (2 L/h flow rate at
100%).
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Animals were placed in sphinx position onto a custom-built coil bed with integrated ear bars
for pseudo-stereotactic head fixation as described previously (Lagore et al., 2021; Yacoub et
al., 2022). Rectal temperature, respiration rate, end-tidal carbon dioxide, electrocardiogram
and oxygen saturation were monitored using an MRI compatible monitor (IRADIMED 3880
MRI Monitor, USA). Temperature was maintained with a circulating water bath, chemical
heating pads and blankets for thermal insulation.

2.3. Anatomical scan

T1w images were acquired on all subjects with a 3D-MPRAGE sequence and T2w images
were acquired on 3 subjects with a 3D T2 SPACE sequence. T1lw: FOV: 131 x 150 mm2;
matrix size of 280 x 320 (0.5 mm isotropic resolution); TR/TE of 3300/3.56 ms. T2w: FOV:
128 x 150 mm2; matrix size of 260 x 320 (0.5 mm isotropic resolution); TR/TE of 3000/100
ms; flip angle of 120 deg. In order to perform structural image processing for subjects
without a T2w structural image, the bias field was corrected with the N4biascorrection tool
as implemented in ANTS (Tustison et al., 2010). For subjects with a T2w structural image
(not always acquired due to early termination of the scan because of animal monitoring
issues), a T1w/T2w ratio image was generated by skull stripping both the T1w and T2w
images, registering the T2w to the T1w space and then dividing the T1w by the T2w image.

2.4. dMRI acquisition and preprocessing

Pilot studies (not presented here) were performed in order to optimize the custom coil for
the 10.5T magnet (Lagore et al., 2021). Testing was performed to achieve the most stable
readout direction which resulted in pure z direction. This meant that the smallest field

of view for whole brain coverage could be obtained in a sphinx position. A stable and
reliable positioning of the animal was of utmost importance for reproducible and reliable
data quality. Sequence optimization was performed within the limits set by our gradient

and SAR monitoring. In short, we aimed at achieving the highest possible resolution
resolvable using a single shot that allowed for coverage of the whole macaque brain and
remained manageable with post-hoc distortion correction. Our coil geometry allows roughly
3x in-plane acceleration (GRAPPA in our case) for the small volume needed, limiting the
overall matrix size we can achieve. Segmented encoding approaches will likely yield higher
resolutions, at the cost of g-space sampling efficiency, but require extreme stability of the
animal.”

The dMRI sequence utilized was a 2D single shot EPI acquired with reverse phase encoding
head/foot (H/F), foot/head (F/H) consistent with the requirements for FSL Topup/Eddy
offline EPI distortion correction (Andersson et al., 2003). B1 + field optimization was
performed using a vendor provided flip angle mapping sequence and the power was
calibrated for each subject. Precalibrated fixed phases were used in all subjects. Each scan
included 3 or 4 pairs (H/F and F/H) of 114 diffusion-weighted volumes (TR/TE of 8270/78.4
ms; matrix size, 260 x 144 x 75; 6/8 phase partial Fourier, 0.58 mm isotropic resolution),
contingent upon maintenance of acceptable vital signs. An iPAT acceleration of 3 was used
without any slice acceleration. Each multi-shell acquisition contained 7 5= 0 s/mm? vol
(one every 16 vol), 54 = 1000s/mm? vol and 53 /= 2000s/mm? images sampled on the
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whole sphere. Total scan time for the diffusion acquisition was approximately 2 h and 16
min.

Diffusion image preprocessing was performed using a custom pipeline incorporating
components from FSL (Jenkinson et al., 2012), MRtrix3 (Tournier et al., 2019), and
Freesurfer (Fischl, 2012). Dicoms were converted directly into the MRtrix image format
and then back-converted to NIFTI files with the corresponding bvecs/bvals files. The sphinx
orientation headers were corrected with Freesurfer’s mri_convert with—sphinx option for
further processing with FSL. All acquisitions were visually inspected for gross movement
and other artifacts that would prevent further analysis. Data was denoised with MRtrix
awidenoise and Gibbs ringing artifacts were corrected using MRtrix3 mrdegibbs. To
increase the SNR for the estimation of the susceptibility induced off-resonance field, an
average b0 image for each PE direction was generated and then passed to the TOPUP

tool (Andersson et al., 2003) and implemented in FSL (Smith et al., 2004). Eddy current
correction was performed using the FSL tool Eddy Cuda9.1 (Andersson and Sotiropoulos,
2016) using the default settings with the following modifications (nvoxhp = 10,000 and
—repol (Andersson et al., 2016)). After distortion and eddy current corrections, data was
converted back to the MRtrix image format to estimate diffusion tensors and generate
fractional anisotropy (FA), apparent diffusion coefficient (ADC) maps and RGB maps of
the principal direction of diffusion using the MRtrix dwiZtensorand tensorZmetric tools
(Tournier et al., 2019). A visual summary of this pipeline is provided in Supplemental
Figure 1B

SNR was quantified by drawing 5 ROIs on the FA map for each animal-Supplemental
Figure 2. One gray matter ROl was drawn in the cortex. Two white matter ROIs were drawn
(one in the corpus callosum and one in the anterior limb of the internal capsule). One mixed
ROI was drawn on the descending posterior corona radiata. A final ROl was drawn outside
of the brain to quantify the standard deviation of the noise. The mean signal intensity was
measured in each ROI in data that had not been denoised or had Gibbs ringing corrected.
SNR was calculated by dividing the mean signal within each ROI by the standard deviation
of the noise in each volume. The calculated SNR values from each volume were averaged
into a single value for each shell for each subject. These values are reported in Tables 1-2.
The same ROIs were also used to calculate fractional anisotropy (FA), mean diffusivity
(MD), axial diffusivity (AD) and radial diffusivity (RD). The mean and standard deviation of
these metrics are reported in Table 3 — 4.

2.5. Tractography

Tractography was performed with the MRtrix3 software package (Tournier et al., 2019).
First, the response functions were estimated from the preprocessed diffusion images with
awi2response using the “dhollander” algorithm for multishell data. The response functions
were then used to estimate fiber orientation directions (FODs) with a constrained spherical
deconvolution (CSD) using awiZfod with the msmt_csd algorithm that generated three
separate FODs maps (white matter, gray matter and CSF) (Jeurissen et al., 2014; Tournier
et al., 2004). FODs were normalized for intensity using mtnormalize (Raffelt et al., 2017).
For fiber tracking, fckgen was used with the iFOD2 model (Tournier et al., 2010). Whole
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brain tractograms were generated from a white matter mask. Individual tracts were assessed
with seeds manually drawn on each subject’s FA map. Seeds were defined as the injection
sites for previously described pathways as determined by anatomical tract-tracing to assess
the quality of the tractography. No waypoints or exclusion masks were used for these
tractograms.

3. Results

3.1. Anatomical images

3.2. dMRI

Anatomical imaging of the whole macaque brain was performed using our custom 32
channel receive (32Rx) coil. Selected images are shown in Fig. 1. Cortical, subcortical, and
white matter structures are all clearly visible. A more extensive discussion of the anatomical
acquisition can be found here (Lagore et al., 2021).

SNR was relatively homogeneous throughout the brain. Average SNR maps for each shell
(prior to denoising and Gibbs ringing removal) are shown in Fig. 2 and Supplemental
Figures 3-6. SNR values for each region of interest before and after denoising/Gibbs ringing
removal are reported in Table 1 and Table 2 respectively. On average, SNR was increased by
approximately 75% after denoising and removal of Gibbs ringing.

3.3. Denoising

dMRI has an intrinsically low SNR (relative to other MRI modalities). The SNR is
proportional to the voxel volume at a fixed field strength. When increasing the resolution
of the diffusion scan, there is a corresponding reduction in SNR. To maintain SNR at
high resolution (especially at higher b-values which provide higher diffusion weighting,
but at the penalty of increased noise), a denoising algorithm was applied to these data.
Prior to any interpolation, the awidenoise toolin MRtrix based on the MPPCA algorithm
(\Veraart et al., 2016b, 2016c) was applied to the data. Fig. 3 shows the dMRI data after
eddy-current distortions correction (top half) and eddy-current distortion corrected plus
dwidenoise denoising (bottom half). Note that the more superficial slices (thus closer to
the coil with higher SNR) show less improvement with denoising, though the boundaries
of cortical sulci become more defined. Deeper structures show much cleaner boundaries.
This is readily apparent in the optic radiation. Some sulci that are not well-defined in the
eddy-current corrected only data can be visualized more readily in the denoised dataset.

3.4. Gibbs ringing artifact correction

Gibbs ringing is an imaging artifact observed at boundaries between tissue types. This
artifact manifests as parallel lines adjacent to high contrast tissue boundaries in the brain,
often observed near the ventricle and cortex/CSF interface. It is important to correct

these artifacts as they can significantly alter modeling of the diffusion tensor and kurtosis
parameters (Kellner et al., 2016; Perrone et al., 2015; Veraart et al., 2016a). Gibbs ringing
is a truncation artifact caused by partial k-space reconstructions and it can be corrected with
the MRtrix tool mrdegibbs (Kellner et al., 2016). One way to minimize the appearance of
Gibbs ringing is to increase the matrix size of the acquisition. However, while this would
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minimize the ringing artifact, it is not ideal given the already long readout time, which
would increase further along with geometric distortions, signal dropouts, and echo time. Fig.
4 shows the removal of Gibbs ringing. This artifact is clearly visible in the b0 images and
where the enlarged area demonstrating Gibbs ringing is highlighted with red boxes. The
ringing artifact is clearly visible in the upper panel near the ventricles and cortical surface.
The lower panel shows the data with the ringing removed by the MRtrix tool, mrdegibbs.

3.5. Fractional anisotropy/MD/DTI

Fractional anisotropy (Fig. 5), mean diffusivity (Fig. 6), and color-coded fractional
anisotropy (Fig. 7) maps were generated after denoising and Gibb’s ringing removal. Scalar
metrics calculated before and after denoising/Gibbs ringing removal are summarized in
Tables 3 and 4, respectively. Exemplar fiber orientation distribution functions are displayed
in the colored boxes in Fig. 7. The high resolution scans allow for differentiation of smaller
fiber bundles and structures that are often affected by partial volume effects. These include
U-fibers and gray matter/white matter boundaries in the cortex.

3.6. Tractography

Fig. 8 shows whole brain streamlines generated from the white matter FODs. To
demonstrate the feasibility of tractography at 10.5T with 0.58 mm isotropic resolution, Fig.
9 shows tractography derived from well-described pathways with tract-tracing validation
from the literature. The tractography seeds are shown in supplemental figure 7. In Fig.

9 A, a seed was drawn in the motor cortex (Case 24 from (Schmahmann and Pandya,

2006)). Fibers can be seen clearly descending in the internal capsule, as well as crossing

the corpus callosum, travelling in the superior longitudinal fasciculus, and traversing toward
the external capsule. Although all of these belong to the correct bundles, we also see

some streamlines descending in the contralateral internal capsule, which represents a false
positive. In Fig. 9 B, a seed was placed in the white matter of the caudal corpus callosum
(connectivity previously defined in (Kennedy et al., 1986; Kennedy and Dehay, 1988;
Sunderland, 1940)), resulting in streamlines reaching large portions of the parietal and
occipital lobes, while avoiding more frontal and ventral cerebral cortical regions. In Fig. 9
C, a seed was placed in the precuneus (Case 17 from (Schmahmann and Pandya, 2006)).
Here, streamlines can be seen traversing the dorsal cingulum bundle (but not temporal

or subgenual components, (Heilbronner and Haber, 2014) and the superior longitudinal
fasciculus I. Finally, in Fig. 9 D, a seed was placed in the ventrolateral prefrontal cortex
(Case 33 from (Schmahmann and Pandya, 2006)). Streamlines can be seed traveling dorsally
and medially, around the striatum, to reach the corpus callosum and cross to the contralateral
hemisphere.

3.7. U fibers

Sulci present specific issues for tractography; namely, at the fundus, it is difficult to

track both U-fibers (local association fibers coursing around the sulcus) and the deep,
penetrating fibers that represent longer-range connections (Reveley et al., 2015a). Here, we
seeded the fundus of the arcuate sulcus and the intraparietal sulcus. Fig. 10 shows both
U-fibers and deep penetrating fibers. Thus, with this acquisition protocol, we are able to
visualize the U-fibers described in ex vivo scans (Oishi et al., 2011) and with /in vivo
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3D-msEPI acquisitions (Tounekti et al., 2018). Supplemental figures 8 and 9 demonstrate
consistency across multiple subjects for the same U-fibers in the arcuate and intraparietal
sulci, respectively.

4. Discussion

Diffusion neuroimaging is a noninvasive imaging modality that provides information about
the diffusion of water molecules in tissue in both clinical and nonclinical populations. Of
particular relevance to neuroscience is the ability to model white matter in the brain from
these properties and to generate estimates of anatomical connectivity from tractography.
Such connectivity measures are expected to improve with higher spatial resolutions.
However, going beyond the typically supramillimeter resolutions commonly employed today
to submillimeter resolution dMRI is challenging due to the reduction in SNR caused by the
correspondingly smaller voxel volume. Utilizing an ultra-high field magnet is one method to
improve the SNR when compared to the same voxel size acquired at lower fields, assuming
the echo time for diffusion encoding, TE, is not undesirably long. Macaques, like humans,
are too large for other high field, small-bore MRIs that have been used extensively with
smaller mammals (Motovylyak et al., 2019; Schaeffer et al., 2017; Schilling et al., 2017;
Wu and Zhang, 2016). Here, we present, for the first time, /n vivo dMRI of macaque

brains imaged on a large bore 10.5 Tesla scanner capable of human imaging. We have
obtained multishell, high angular resolution, 0.58 mm isotropic resolution data. Utilizing a
combination of freely available software packages, we have generated tractography maps
that recapitulate known white matter pathways when compared to established anatomical
data.

Using a single shot 2D EPI protocol in the anesthetized macaque, we were able to collect up
to 4 repeated reverse phase encoded acquisitions (34 min each) of high angular resolution,
multi-shell data to increase the SNR. We did not note any motion artifacts or corruption

of data resulting from physiological motion of the brain, which can be a problem with 3D-
msEPI acquisitions (Liu et al., 2016). Single shot EPI acquisitions are prone to have artifacts
(image distortion and signal loss) due to magnetic field inhomogeneities (Andersson et al.,
2003); these become more pronounced with increasing static magnetic field used for the
study and long echo train lengths required for high resolution scans. Nevertheless, we found
the distortions to be well corrected by the FSL Topup/Eddy tools (Supplemental Figure 10).

Macaque imaging comes with unique challenges and oftentimes requires specific tools and
significant adaptations for optimal results. One major hurdle is that the macaque head

is significantly larger than those of rodents, marmosets, or squirrel monkeys (preventing
the use of high field, small bore MRIs with significantly stronger gradients), but are
approximately 10 times smaller than the human brain (Donahue et al., 2018). This means
that higher spatial resolution is required to resolve similar structures in the macaque brain
compared to humans. Along with the aforementioned SNR limitation, another problem is
the lack of a commercially available coils specific to macaque imaging, particularly at
ultra-high fields. A fully custom 32 channel head coil was developed for the 10.5T scanner,
which required extensive optimization (Lagore et al., 2021). This coil has also been used to
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study resting-state functional MRI in macaques, which provides the opportunity to perform
multimodal imaging studies within-subject at 10.5T (Yacoub et al., 2022).

The majority of whole brain submillimeter resolution macaque dMRI studies have been
performed ex vivo. The long scan times and lack of breathing-related motion artifacts means
that ex vivo scans can achieve stunning results. Ex vivo scans are capable of attaining
resolutions as high as 0.13 mm (Calabrese et al., 2014). (Calabrese et al., 2015) used a

7T scanner with a single shell (6= 1500s/mm 2), 12 diffusion directions, and a total scan
time of 46 h per subject. Ex vivo whole brain coverage at 0.2 mm isotropic resolution

has also been achieved with an 11.4T magnet and a diffusion weighted 3D segmented EPI
acquisition with 3 shells over 73 h (Sébille et al., 2019). Another ex vivo study conducted
at 4.7T collected dMRI data on 2 brains, one imaged at 0.8 mm isotropic resolution with

4 averages of 61 directions each over 64 h and a second imaged at 0.43 mm isotropic
resolution with 3D-EPI with 120 directions over 27 h (Azadbakht et al., 2015). Resolutions
as high as 0.4 mm isotropic have been reported for ex vivo human whole brain coverage
with a 53 hour acquisition (Fritz et al., 2019). Calabrese et al. also conducted an ex vivo
study holding total scan time constant at 60 h, while varying the number of b-values, spatial
and angular resolution (Calabrese et al., 2014). This study generated datasets acquired
between 0.13 and 0.6 mm isotropic resolution. While these studies have provided valuable
information regarding the limits of dMRI, complementary protocols that take advantage

of the non-invasive nature of the technique are needed. Additionally, fixation alters the
fundamental diffusion properties of brain tissues (Shatil et al., 2018), further limiting the
translation of these techniques.

In vivo macaque dMRI with 1-1.5 mm isotropic resolution has been widely reported and
easily attainable with most 3T scanners and commercially available coils (Feng et al., 2017;
Liu et al., 2016; Meng et al., 2018; Rane and Duong, 2011; Shen et al., 2019; Shimony et al.,
2018; Weiss et al., 2022). 1.1 mm isotropic dMRI data has been acquired with a knee coil
(Shimony et al., 2018). Utilizing a standard head coil, 1.5 mm isotropic resolution diffusion
MRI was collected on ten macaques /17 vivo; this dataset was further refined by registering
the high resolution ex vivo dMRI to the /n vivo diffusion space to generate a population
average of white matter tracks (Feng et al., 2017). Liu et al. also acquired 1 mm isotropic
dMRI with a custom built 3 channel coil (Liu et al., 2016). Another study performed with

a pediatric head coil acquired 1 mm isotropic dMRI data as well as 0.5 mm isotropic

T1 and T2 images to generate a population average white matter and gray matter maps
(Weiss et al., 2022). However, there has been only a small number of /n vivo dMRI studies
with submillimeter isotropic resolution in anesthetized macaques, mostly at 3T. Autio et al.
(2020), presented 0.9 mm dMRI data acquired on a 3T scanner with 2D-single shot EPI
with simultaneous multi-slice accelerations (Autio et al., 2020). This study used the same
b-value scheme (4= 1000, 2000 and 3000 s/mm 2) as in the HCP but utilized a much
higher number of diffusion directions (500 vs 270 in the HCP) to improve the data quality
in a 30 min acquisition. Another study acquired dMRI at 0.7 mm isotropic resolution on

a 3T scanner, with a custom made, subject specific implanted 8-channel coil array using
asingle shell (4= 1000s/mm?) 256 direction acquisition (Janssens et al., 2012). The coil
array was attached to the animal’s skull with ceramic screws and encased in dental acrylic
during a standard headpost surgery. While the implanted coil produces very high-quality
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data with 3 h of acquisition, the invasive nature of the coil is a significant limitation for a
non-invasive imaging modality. Finally, another study reported 0.5 mm isotropic resolution
(Tounekti et al., 2018) utilizing 3D multi-shot echo planar imaging on a 3T clinical scanner
with 30 diffusion directions applied with a = 1000s/mm? and a total acquisition time of
130 min. While 3D-msEPI is capable of increasing resolution, it is also highly susceptible
to physiological motion artifacts. In Tounekti et al. (2018), approximately 8% of diffusion
weighted images were discarded due to artifacts. At 7T, Wang et al. present the optimization
of readout segmented echo planar imaging (rsEPI) for whole macaque brain coverage.

A single 30 direction, 5= 1000s/mm? diffusion scan was collected at 0.8 mm isotropic
resolution in a single phase encode direction over 45 min (Wang et al., 2019). As noted
above, with the exception of Autio et al. (2020), all of these studies used single b value of
1000s/mm? for diffusion weighting. Higher b values lead to SNR loss not only because of
the higher diffusion weighting but also the longer TE that is required to acquire the data.
Since the TE for the entire experiment is set by the TE for the highest b value employed, in
a multi-shell experiment, the lower b value shell also suffers SNR losses. Avoiding higher
b values in a multi-shell experiment, on the other hand, negatively impacts the quality of
tractography estimates significantly (Sotiropoulos et al., 2013)

The brief summary of submillimeter resolution macaque dMRI given above highlights the
challenges of high resolution /n vivo dMRI protocols that often require tradeoffs among
acquisition time, acceleration factors, angular resolution, maximum b values employed, and
potentially invasive procedures. The work presented in our study is non-invasive, acquired
with both high spatial and angular resolution using two shells (4= 1000 and 2000s/mm?)
and a 2D spin echo sequence in approximately two hours. The preprocessed data produces
high quality scalar metric maps and tractography streamlines.

Tractography allows for the visualization of white matter pathways and estimation of
connectivity strength between brain regions /n vivo and non-invasively (Lenglet et al.,
2012; Soares et al., 2013). dMRI is currently the only technique available that can estimate
structural connectivity in human brains /n vivo (dissection and polarized imaging techniques
allow for ex vivo human structural connectivity calculations, but this limits our ability

to assess population differences and brain-behavior relationships). Thus, optimization and
validation of the technique is of the utmost importance. Future studies will compare

the results of our high resolution tractography to anatomical databases, to within-subject
anatomical data generated from these animals, and to lower field dMRI results. While
tractography has improved dramatically with the advent of newer methodology, e.g. CSD
(Tournier et al., 2007), NODDI (Zhang et al., 2012), etc., it has historically had the
significant limitation that it is only moderately correlated with true anatomical connectivity
(as estimated with tract-tracing) (Donahue et al., 2016; Grier et al., 2020; Shen et al., 2019;
Thomas et al., 2014; van den Heuvel et al., 2015). As discussed, in the Introduction section,
spatial resolution is one of the primary factors in resolving crossing fibers (Donahue et al.,
2016). The inherently low SNR of diffusion MRI images, especially when high b values
are employed, makes increasing the resolution challenging because as spatial resolution
improves, the signal reduces even further (Jones, 2010). In this study, we utilized both

SNR gains available at 10.5T magnetic field and denoising using the MPPCA approach

as implemented in MRtrix (MVeraart et al., 2016b, 2016c). Future diffusion data acquired
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on the 10.5T scanner will be acquired consistent with the requirements of the recently
published Noise reduction with Distribution Corrected (NORDIC) PCA method, and we
expect to see further improvements in data quality (Moeller et al., 2021). The collection

of high-quality dMRI data, as with all MRI modalities, involves a complex tradeoff of

many imaging parameters. Especially important are the field strength of the magnet and the
gradient slew rate and amplitude. Within the possible parameter space available with current
instrumentation, we opted for targets that minimized distortions as much as possible and
provided sufficient SNR for reliable tract reconstruction over the entire brain. Additional
significant gains will be achieved using a gradient set that can operate with substantially
higher maximal gradient strength and high slew rates at 10.5T, enabling more extensive
g-space sampling and additional optimization of scan parameters such as resolution, scan
time, and g-space coverage. Such an optimization is expected to lead to better data quality.
Ultimately, however, the validation of our data will depend on comparison with ground truth
anatomical data.

Much can be learned from diffusion scans on anesthetized macaques that will improve or
inform the methods when applied to the study of human brains, especially when combined
with neural tract tracing experiments within the same subjects that will allow direct
comparison of diffusion tractography data to known anatomical connectivity. This highlights
one important advantage of using nonhuman animal models: the ability to compare to
ground-truth neural tract-tracing data to assess the accuracy of dMRI (Azadbakht et al.,
2015; Girard et al., 2020; Shen et al., 2019; van den Heuvel et al., 2015).

5. Conclusions

Using a 10.5T large bore MRI, a custom 32 channel coil, and a denoising approach, this
study presents high spatial resolution (0.58 mm isotropic voxels), high angular resolution
(115 directions), multi-shell diffusion MRI data in anesthetized macaques achieved with
2D-single shot EPI protocols in approximately 2 h. Our study demonstrates the feasibility
of collecting these data at ultra-high field. Despite the challenges of the intrinsically low
SNR of diffusion MRI, this acquisition protocol at 10.5T combined with denoising produces
tractography results in agreement with known pathways and is capable of differentiating
short association fibers in the cortex that are often lost to partial volume effects. Further
optimization of acquisition protocols with the macaque model as well as significantly
improved hardware, such as higher channel count receivers (48 +) and a high performance
head gradient insert employed at 10.5T, and improved denoising techniques will further push
the dMRI methods to truly explore the ultimate limits of /7 vivo 10.5T diffusion MRI.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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T1/T2

Fig. 1. Structural images of the macaque brain acquired at 10.5T.
Top panel shows T1w images. Middle panel shows T2w images. The bottom panel shows a

T1w/T2w ratio image.
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b=1000

b=2000

Fig. 2. Signal-to-noise ratio maps for 0.58 mm isotropic resolution dMRI data acquired at 10.5T
from a single subject, I.
The average SNR for each shell is shown. Selected axial slices show a relatively

homogenous SNR through the entire brain.
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Fig. 3. Effect of MPPCA denoising on diffusion weighted images.
The top panel shows 5 axial slices of data processed through Eddy and Topup. The bottom

panel shows Eddy corrected with additional denoising.
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Eddy Corrected

Eddy Corrected + Degibbing

Fig. 4. Removal of Gibbs ringing artifact.
The top panel shows parallel lines in the =0 image immediately adjacent to a ventricle/

gray matter interface. The bottom panel shows the data after being processed with
mrdegibbs. The ringing artifact is removed, while retaining the integrity of the original
data.
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Mean Diffusivity

Fig. 5.
Selected axial slices showing mean diffusivity in a single subject acquired at 0.58 mm
isotropic resolution.
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Fractional Anisotropy

Fig. 6. Fractional anisotropy.
Selected axial slices showing fractional anisotropy in a single subject acquired at 0.58 mm

isotropic resolution.
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Diffusion Tensor Map

Fig. 7. Diffusion tensor maps.
Selected axial slices showing the principal diffusion direction in a single subject acquired

at 0.58 mm isotropic resolution. Red, green and blue represent fibers traveling right-left,
anterior-posterior and superior-inferior respectively. The colored boxes correspond to the
fiber orientation distribution functions displayed on the right.
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Fig. 8. Representative whole brain tractograms from a single subject.
Selected axial slices showing whole brain streamlines.
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Fig. 9. Tractography in dMRI data collected at 10.5T.
Tractography from a single subject with seeds in the motor cortex (A), caudal corpus

callosum (B), precuneus (C), and ventrolateral prefrontal cortex (D). Streamlines are
overlaid on a T1 image registered to the diffusion space.
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Arcuate Sulcus Intraparietal Sulcus

Fractional
Anisotropy

Streamlines

Fig. 10.
U-fibers. Fractional anisotropy maps for the arcuate and intraparietal sulci that contain

short association fibers, also known as U-fibers. The middle panel shows the ODFs in

the corresponding region. The lower panel displays streamlines generated from a seed that
straddles the gray matter/white matter boundary as described by Reveley (Reveley et al.,
2015a).
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Table 1

Signal-to-Noise Ratios 0.58 mm isotropic resolution diffusion weighted images in select regions prior to
denoising and Gibb’s ringing removal.

b=0s/mm2 b=1000s/mm2 b= 2000s/mm?2

Corpus Callosum  17.01+6.95 7.36+2.25 5.58 + 1.57
ALIC 19.66 +4.33 9.82+2.13 568+1.1
dper 1352+1.76 7.23+2.13 53+1.43
gray matter 147+223 828+1.10 5.56 +.63
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Table 2

Signal-to-Noise Ratios 0.58 mm isotropic resolution diffusion weighted images in select regions after
denoising and Gibb’s ringing removal.

b=0s/mm?2 b=1000s/mm?2 b= 2000s/mm 2

Corpus Callosum  29.18 +16.42 12.67+7.2 12.41+7.53
ALIC 34.4 +20.96 32.91+22.90 9.73+5.21
dper 22.30+15.42 1296 +8.74 53+1.43
gray matter 26.33+16.93 15.03 +10.07 9.97 +6.63
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