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Introduction:
Connectivity between brain regions can be determined with several techniques. Structural connectivity can be measured at the macro-scale with diffusion-based tractography and at the meso-scale with
neuronal tracers. Functional connectivity can be measured at the macro-scale with resting-state fMRI. Combining techniques at different hierarchical levels may help to better characterize the complex
organization of the brain, which is crucial to understand brain connectivity in health and disease. Structural and functional connectivity strength partly correlate1,2, suggesting that structural connectivity
provides the hardware for functional connectivity to emerge. However, so far most studies included structural connectivity measured at either the meso- or macro-scale, and thereby did not capture all
aspects of structural connectivity.
Therefore, the aim of our study was to robustly characterize the rat connectome by integrating all three connectivity measures based on high-field resting-state fMRI, diffusion-based tractography and
neuronal tracer data, respectively. This allows the investigation of functional connectivity within the strongest structural connections at the meso- and macro-scale, with general exclusion of false positives
and negatives often present in diffusion-based tractography data3.
Methods:
Resting-state functional connectivity was determined in two groups of male rats: young adult Sprague Dawley rats (n=18, mean age 14 weeks: Group I) and adult Wistar rats (n=12, mean age 32 weeks:
Group II). Diffusion-based structural connectivity was determined in ten post-mortem brains from adult male Wistar rats. MRI measurements were performed on a 9.4T horizontal bore Varian MR system.
Resting-state fMRI was performed under 1.5% isoflurane anesthesia using a T2*-weighted single-shot 3D gradient EPI sequence (TR/TE = 26.1/15 ms; 13° flip angle, 54×54×28 matrix; 600µm isotropic
voxels, 800 volumes; 730.8 ms per volume). Post-mortem diffusion MRI was performed with a 3D 8-shot EPI sequence (TR/TE = 500/32.4 ms; field-of-view = 19.2x16x33 mm3; 150µm isotropic voxels; 5
b0 images; diffusion-weighting in 60 non-collinear directions with b = 3842 s/mm2; four averages).
Preprocessing of resting-state fMRI images included motion correction, regression of motion correction parameters and band-pass filtering (0.01<f<0.1 Hz). Functional connectivity strength was measured
as Fisher z’-transformed correlation coefficient. Diffusion-based structural connectivity strength was determined with single shell constrained spherical deconvolution tractography and expressed as the
streamline count corrected for underlying white matter densities using SIFT4. Diffusion-weighted MRI and resting-state fMRI scans were non-linearly registered using FSL5 to a 3D model of the Paxinos
and Watson rat brain atlas6. 84 cortical and 8 subcortical regions covering the majority of the rat brain were projected onto the individual scans. Neuronal tracer-based structural connectivity strength was
extracted from the NeuroVIISAS database (generated from 7800 published tract-tracing studies) for the same regions, and expressed as values between 0 (no information) and 4 (very strong connection) 7.
Results:
1921 connections between the selected regions-of-interest had a neuronal tracer-based structural connectivity strength > 0, of which 1470 connections also had a diffusion-based structural connectivity
strength > 0 (76.5%). For subsequent analyses, we only included connections that belonged to the 25% strongest diffusion-based and 25% strongest neuronal tracer-based structural connections, visualized
as the structural core of the rat connectome at the meso- and macro-scale in Figure 1. Within this structural core, functional connectivity strength was 0.31<z<1.52 for Group I and 0.29<z<1.35 for Group
II.
For the included structural connections, lowest functional connectivity was found for intrahemispheric connections between perirhinal, entorhinal and insular cortex and hippocampus, for both Groups I and
II. These regions demonstrated higher functional connectivity within less strongly structural connections. Highest functional connectivity was found for intrahemispheric connections between primary and
secondary motor cortices and the connection between the left and right medial prefrontal cortex. Functional connectivity strength correlated moderately with diffusion-based structural connectivity strength
(Group I: r=0.40; Group II: r=0.21; p<0.05), but not with neuronal tracer-based structural connectivity strength (Group I: r=-0.09; Group II: r=-0.14) (Figure 2).
Discussion:
Within the strongest structural connections at both the meso- and macro-scale, we found a large variation of functional connectivity. This suggests that strong direct structural connections on different
hierarchical levels are not required for strong functional connections. Within these strongest structural connections, functional connectivity between primary areas like sensorimotor areas is high, whereas
functional connectivity between higher order cognitive areas is low. Our correlations between connectivity measures at the macro- and meso-scale agree with another study8, showing that functional
connectivity strength correlates moderately with macro-scale but not clearly with meso-scale structural connectivity strength. Substantially different techniques to measure connectivity could be responsible
for the missing correlation between functional and neuronal tracer-based structural connectivity.
Conclusion:
Our study demonstrates the importance of examining connectivity at different hierarchical levels to better understand brain organization.
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< Figure 1: Strongest structural rat brain connections based on
diffusion-based tractography and neuronal tracer data. The nodes and
edges represent brain regions and their connections, respectively, at
both meso- and macro-scale.. Green and yellow edges represent the
25% weakest and 25% strongest structural connections of the structural
core, respectively.

^ Figure 2: Pearson correlations between functional and diffusion-based (macro-scale) and neuronal tracer-based
(meso-scale) structural connectivity strength within the 25% strongest structural connections. Functional
connectivity was measured as Fisher’s z-transformed correlation coefficient. Structural connectivity was logtransformed. Group I: Young adult male Sprague Dawley rats; Group II: Adult male Wistar rats.

