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Multi-modal multi-scale imaging reveals that long-association cortico-cortical systems are composed of short-range relay fibers
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Motivation: Obtaining accurate anatomical information of connectional neuroanatomy across scales is crucial to improve in-vivodiffusion MRI techniques and advance our understanding of the brain white
matter circuitries.

Goal(s): To reveal the mesoscopic organization of the SLF-I, a major cortico-cortical fiber association system of the human brain.
Approach: We combine multi-scale, multi-species, multi-modality connectional data from humans and macaques to investigate the structural connectivity of medial fronto-parietal cortical regions.

Results: We provide preliminary novel evidence that the SLF-I is composed of a succession of shorter relay fibers, which, in lower-resolution dMRI tractography result erroneously in a long, direct association
bundle.

Impact: The mesoscopic anatomical validation of major white matter pathways in the human brain will increase the accuracy of their reconstruction in vivo, and open new avenues for our understanding of the
functional substrates of these different connections.

Introduction

The current gap in spatial resolution between diffusion MRI (mm) and axons (um) results in errors of dMRI tractography in regions with challenging fiber configurations'. Ex-vivo imaging allows us to obtain
accurate anatomical information at higher resolution that can inform in vivo dMRI tractography?. Here we combine data across multiple modalities, scales, and species to clarify the connectivity of the dorsal
branch of the superior longitudinal fasciculus (SLF-1), a major fiber association system running within the white matter of the superior frontal gyrus (SFG). Anatomic tracing studies in monkeys described the SLF-I
as connecting the postero-medial parietal regions (PGm, PE, PEc) to different regions of the superior frontal gyrus (SFG) (6D, 8B, 9)3. Due to the complexity of SFG, where multiple projection systems merge with
superficial U-fibers and frontal projections of the cingulum bundle, the morphology of the human SLF-I remains controversial. Tractography and post-mortem dissections have yielded conflicting results, some
supporting direct, long connections from the parietal to the more frontal regions, and others supporting shorter or no SLF-I fibers*>. Here, we combine multi-scale, multi-species, multi-modality data to
investigate the mesoscopic organization within the SLF-I fiber system.

Methods

The different datasets used in this work are presented in Figure 1 and acquisition details are specified below.

Human data:

1) In vivo 1.5 mm dMRI: 3T MGH Connectom 1.0 Scanner, 2D EPI, 552 dMRI volumes (40 b=0, 64 b = 1000, 64 b = 3000; 128 b = 5000; 256 b = 10000 s/mm?2)é.

2) In vivo 760 ym dMRI: 3T MGH Connectom 1.0 Scanner, gSlider-SMS, 2808 dMRI volumes (144 b=0, 420 b=1000, 840 b=2500 s/mm?, paired reversed PE volumes)’.

3) Ex vivo 750 pm dMRI: 3T Siemens Trio scanner, 3D diffusion-weighted SSFP, 68 dMRI volumes (TR=30.21 ms, TE=25.12 ms, 8 b=0, 60 b=4,000 s/mm3).

4) Ex vivo 250 ym dMRI: 4 small blocks (roughly 2x2x1cm) were cut from dataset 3 and scanned on a 9.4T Bruker Biospec System (3D EPI, TR=75 ms, TE=43 ms, GRAPPA = 2, 515 dMRI volumes, maximum b =
40,000 s/mmz2, 48 h).

5) PS-OCT 3 pm in plane: polarization-sensitive optical coherence tomography (PS-OCT) data were acquired on a system developed in-house [8].

Macaque data:

1) Ex vivo 700 pm dMRI NHP data: Small-bore 4.7T Bruker BioSpin scanner, 3D EPI sequence, 48h. 514 dMRI volumes (maximum b = 40, 000 s/mm?2)".

2) Tracer data: one male rhesus macaque received an injection in the frontal pole (10M), as described previously®. Pre-processing: All dMRI data were denoised using MP-PCA in MRtrix3'% and corrected for
motion/eddy current distortions in FSL'®. We created a common parcellation scheme for macaque and human data to maximize anatomical comparison (Table 1). For each dataset, fiber orientation distributions
were estimated using constrained spherical deconvolution' and connectivity matrices were generated (angle threshold:45°, step-size: 0.5 x voxel size) in MRtrix3'2. PS-OCT data were processed as previously
described'? and tractography was performed using an in-house algorithm developed in Julia.

Results

Results show that most of the long, direct connections between parietal and frontal regions course within the cingulum bundle (white rectangles in figure 2), in accordance with the literature’*. White-matter
fibers originating in the parietal regions and coursing withing the SFG white matter mainly terminate in areas 4, 6, and 8B, as previously reported?. The number of direct, long connections coursing within the
SFG white matter increases in lower resolution data (white square, figure 1). We qualitatively compared these long-range tractography reconstructions obtained from in vivo lower resolution dMRI data with four
higher-resolution datasets: 1) virtual dissections of fibers coursing between the same areas obtained from high-resolution ex vivo dMRI data (750 and 250 pm); virtual dissections of fibers obtained from PS-OCT
orientation data; virtual dissections of fibers in the ex vivo dMRI macaque data; anatomic tracer data in macaque (Figure 3). We found that all the higher-resolution datasets provide complementary evidence to
support that the medial SFG has mainly short-range connections that come in and out the cortex, rather than long-range direct connections.

Conclusion

By comparing data across multiple modalities, scales, and species, we provide preliminary novel evidence that the SLF-I is composed of a succession of shorter relay fibers, which, in lower-resolution dMRI
tractography result erroneously in a long, direct association bundle. These preliminary results point to the need to move beyond the conceptualization of white matter bundles as monolithic structures
connecting wide portions of cortex and investigate the connectivity of the human brain at a finer scale. The delineation and characterization of these pathways will advance our understanding of the functional
substrates of the brain connectome.
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Table 1. Correspondence of anatomical regions used to create a common parcellation scheme of the dorsomedial cortex in macaque and human data. For macaque data, regions were derived from the
Calabrese et al. (2015) MRI and DTl macaque atlas'>. For the human datasets, we combined the FreeSurfer parcellation with a publicly available parcellation scheme that translates anatomical definitions of
cytoarchitectonic regions of the frontal cortex to the fsaverage cortical surface’®.

Figure 1. Dataset overview. Color encoded direction maps obtained from the estimated fODFs are shown for each of the MRI datasets for both human and macaque data. A representative optic axis map
obtained from polarized-sensitive optical coherence tomography (PS-OCT) data and a photomicrograph from anatomic tracer data are also shown.

Figure 2. A) Common parcellation scheme of medial pre-frontal, cingulate, and parietal cortex across scales and species. B) Connectivity matrices between regions shown in A) computed using streamlines
coursing through both SFG and cingulum bundle (CB) white matter (top row) and SFG white matter only (bottom row). Regions are displayed in an anterior-to-posterior order. Number of streamlines connecting
regions is expressed as log(n).

Figure 3. Long, direct connections obtained in lower resolution (1.5 mm) in-vivo tractography are compared to tract virtual dissections in higher resolution ex-vivo data (750 and 250 ym) and polarization-
sensitive optical coherence tomography (PS-OCT), and to anatomic tracer data in one macaque sample. Tracer data show fibers leave the injection in the frontal pole and move superior (a) to reach 10D and then
travel posteriorly to terminate in regions 9L and 46 (b),without continuing more posteriorly. Red lines indicate the approximate position of the photomicrographs.
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