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Human cerebellar sub-millimeter diffusion imaging reveals the motor and non-motor topography of the dentate nucleus

Abstract

The reciprocal cortico-cerebellar loops that underlie cerebellar contributions to motor and cognitive behaviour form one of the largest systems in the primate brain. Work with non-human primates has shown that the dentate nucleus, the major output nucleus of the cerebellum, contains topographically distinct connections to both motor and non-motor regions, yet there is no evidence for how the cerebellar cortex connects to the dentate nuclei in humans. Here we used in-vivo sub-millimeter diffusion imaging to characterise this fundamental component of the cortico-cerebellar loop, and identified a pattern of superior motor and infero-lateral non-motor connectivity strikingly similar to that proposed by animal work. Crucially, we also present first evidence that the dominance for motor connectivity observed in non-human primates may be significantly reduced in man – a finding that is in accordance with the proposed increase in cerebellar contributions to higher cognitive behaviour over the course of primate evolution.
Invasive tract-tracing in non-human primates has revealed a dense pattern of reciprocal connectivity between the cerebral cortex, cerebellar cortex, and cerebellar nuclei that defines cerebellar contributions to behaviour (Kelly and Strick 2003; Ramnani 2006). These cortico-cerebellar loops form one of the largest systems in the primate brain and, while traditionally thought of as influencing only motor function, we are now beginning to understand their contributions to higher cognitive function and emotion (Ramnani 2006; Schmahmann et al. 2009; Strick et al. 2009; Stoodley and Schmahmann 2010). Specifically, there is evidence from non-human primates that the dentate nucleus, the largest output nucleus of the cerebellum, exhibits a topographical organisation of projections to motor and non-motor cortex: with rostro-dorsal regions projecting to motor cortex and ventro-lateral regions to prefrontal and parietal cortex (Middleton and Strick 2001; Dum and Strick 2003; Strick et al. 2009). A similar topographical organisation of dentate nuclear motor vs non-motor connectivity has also been shown in human functional imaging studies (Küper et al. 2011; Thürling et al. 2011; Bernard et al. 2014). Crucially, the projections from the dentate nucleus in humans are thought to differ from those of non-human primates in a manner consistent with the expanded role of the prefrontal cortex in human evolution (Ramnani et al. 2006), but how the white-matter of the cerebellar cortex projects to the dentate nucleus is entirely unknown. Thus, though the cerebellum has undergone important evolutionary change and serves as the “heart” of the brain – connecting to and supporting brain function primarily through the dentate nucleus – “There is no evidence on the corticonuclear projection of the human cerebellar hemisphere” (Voogd et al. 2013).

Over the past fifteen years, many studies have provided evidence that the cerebellum is involved in both motor and non-motor behaviour (Ramnani 2006; Schmahmann et al. 2009; Stoodley and Schmahmann 2009, 2010; Marvel and Desmond 2010). The cerebellum is thought to support cognition through multi-synaptic reciprocal loops with motor and non-motor regions of the cerebrum – distinctions which have been used to differentiate between motor and non-motor regions of cerebellar cortex and nuclei in non-human primates (Middleton and Strick 2001; Dum et al. 2002; Dum and Strick 2003; Kelly and Strick 2003; Strick et al. 2009). These putative motor and non-motor cerebellar cortical regions largely follow anatomical boundaries of adjacent lobules (according to the lobular definitions of Larsell 1970), with lobules HIV, V, and VI exhibiting the greatest proportion of motor connectivity, and Crus I and II that of non-motor connectivity (Kelly and Strick 2003). Though lobules HVIIB and VIII have also been shown to connect to the motor cortex in non-human primates, their connectivity accounted for only ~20% of the total connections with the motor cortex (Kelly and Strick 2003). Numerous studies in cerebellar lesion patients (Schmahmann et al. 2009; Stoodley and Schmahmann 2010; Bodranghien et al. 2016), and in healthy subjects employing task-based functional magnetic resonance imaging (fMRI) (Stoodley and Schmahmann 2009; Stoodley et al. 2012), and resting state fMRI (O’Reilly et al. 2010; Buckner et al. 2011) indicate that there may be a similar motor and non-motor distinction in the human cerebellum, though its exact nature is still debated (Glickstein and Doron 2008). Regardless of the potential functional implications of cerebellar connectivity, the present study utilises the anatomical motor and non-motor distinctions between cerebellar cortical regions as defined by the anatomical connectivity work of Strick and colleagues (Kelly and Strick 2003).

Recent work has begun to characterise the global organisation of cerebellar fibres through dissection (Perrini et al. 2012; Akakin et al. 2014) and diffusion magnetic resonance imaging (dMRI) (Dell’Acqua et al. 2013; Takahashi et al. 2013) in ex-vivo samples, but has not addressed the connectivity between the cortex and nuclei. dMRI is a promising way to gain insight into white-matter structural connectivity in-vivo, providing a detailed mapping of tract trajectories and connectivity in the living human brain (Van Essen 2013). However, while non-invasive and relatively easy to perform, dMRI suffers from partial volume effects that make investigation of the cerebellum problematic. To reduce these limitations, we acquired the first sub-millimeter in-vivo diffusion images of the human cerebellum with a zoomed and parallel image acquisition using an ultra-high field at 7 Tesla MRI scanner (Heidemann et al. 2012). We used constrained spherical deconvolution to derive fibre orientation, a method known to be better at resolving crossing fibres (Tournier et al. 2007). We then performed targeted tractography between the cerebellar lobules and dentate nucleus, followed by tract-based surface classification. Seed masks were restricted to the cortical regions of each lobule to exclude the major white-matter bundles, and resulted in a probabilistic tractography path from individual cortical lobules to the dentate nucleus. We utilised these techniques to accurately capture the fine details of white-matter connectivity within a very small region of the brain – a feat that is not possible at lower field strengths (3T) or conventional diffusion imaging resolutions (1.7-3.0 mm isotropic). 

In this study, we combined sub-millimeter dMRI with probabilistic tractography to determine the topographical organisation of cerebellar cortico-nuclear connectivity and to characterise the relative dominance of motor versus non-motor cortico-cerebellar loops in the living human brain.

Methods

Image acquisition

We conducted sub-millimeter isotropic diffusion-weighted magnetic resonance imaging (dMRI) of the cerebelluma of 6 healthy young volunteers (4 females). All participants provided written informed consent in accordance with the research ethics board at the University of Leipzig. Imaging was performed on a 7T Siemens scanner equipped with a 24-channel head coil (MAGNETOM 7T, Siemens Healthcare, Erlangen, Germany). We used ZOOmed Partially Parallel Acquistion (ZOOPPA) to acquire dMRI data at 0.8 mm isotropic resolution of the cerebellum (Heidemann et al. 2012) (60 directions, 7 interspersed non diffusion-weighted b0 images, TR=13700ms , TE=68ms, b=1000 mm/s2, GRAPPA=2,  ZOOM=2.7, bandwidth=1034, 186x120 matrix, 78 slices centered on the cerebellum, four repetitions). Slice coverage is depicted in Figure 1A. Total acquisition time was approximately one hour. Individual T1-maps with 0.7 mm isotropic resolution were also acquired during a separate session for registration and segmentation of the cerebellar lobules (MP2RAGE: TI1/TI2 = 900/2750ms, TR = 5s, TE = 2.45ms, α1/α2 = 5°/3°, GRAPPA = 2) (Marques et al. 2010). Two overlapping 5mm thick high permittivity dielectric pads (Teeuwisse et al. 2012) were placed between the back of the head and the coil to further enhance signal quality on all scans. A graphical overview of the acquisition and processing methods is provided in Figure 1B.

dMRI preprocessing

Each participant's four separate diffusion acquisitions were concatenated and denoised with a four-dimensional local principal components filter (Manjón et al. 2013). MRtrix (http://www.brain.org.au/software/mrtrix, version 0.2.11) was used to derive the fibre orientation density function (fODF (Tournier et al. 2007)) with constrained spherical deconvolution (CSD, spherical harmonics order of 8), generate fractional anisotropy (FA) images, perform probabilistic tractrography, and compute tract-density images (Calamante et al. 2011). The single fibre response function necessary for CSD deconvolution was computed for each participant from voxels with FA > 0.7 in the anterior portion of the left middle cerebellar peduncle (MCP). 

Dentate nucleus target masks

The dentate nuclei (DN) were manually segmented using the average b0 anatomical images with the levelset based VOI tool implemented in the MIPAV software package (http://mipav.cit.nih.gov (McAuliffe et al. 2001)). Segmented DN masks were then topologically corrected and refined based on b0 image intensities and curvature constraints in a custom pipeline with the CBS Tools in MIPAV-JIST (http://www.cbs.mpg.de/institute/software/cbs-hrt/index.html) (Lucas et al. 2012; Bazin et al. 2014). The corrected masks were inspected and corrected for any edge bleeding. The final mask was upsampled to 0.4 mm isotropic resolution and eroded by a single voxel to create the outer and  inner DN masks, respectively. The outer masks were used to derive the DN average template (described below) and the inner masks were used as targets for probabilistic tractography.

To allow overlays and comparison of results in a common space, we created a study-specific group template made up of co-registered cerebellum (CB) FA maps using the Advanced Normalization Tools (ANTs, single linear [12 dof] and eight nonlinear steps with the group template tool) (Avants et al. 2008). Native space outer DN segmentations were then warped into common space to create the average DN (1 mm smoothing, iso-value = 0.2). Native space voxel-wise tractography results were also warped into the common space for display and further analyses.

T1-map preprocessing and cerebellar atlas registration

T1-maps were first skull stripped, segmented, and the cerebellum and brainstem were extracted using the CBS Tools in MIPAV-JIST. The cerebellum and brainstem were registered to the b0 average image using an initial rigid (6 dof) then nonlinear registration using ANTs. Next, a separately created segmented cerebellar atlas (Larsell's parcellation of a twelve subject 0.5 mm average cerebellum) (Larsell 1970; Bazin et al. 2014) was linearly (12 dof) and nonlinearly registered to the native space T1-maps. The registrations were then combined and the atlas was warped into each subjects' native diffusion space.  In each participant the cerebellar grey-matter (GM) was segmented using the CBS Tools, and the individual masks were warped into native diffusion space and masked with the cerebellar atlas to produce the final individual GM cerebellar atlases. This resulted in masks for lobules HIV, V, VI, and Crus I, Crus II (Figure 2). Lobules HVIIB and VIII were excluded due to signal dropout in this area (Figure S1).
Cerebellar orientation and anatomical organisation

In the current paper, the anatomical terms used to refer cerebellar cortical regions follow Larsell's parcellation (Larsell 1970). In keeping with the literature on human brain organisation, we provide anatomical localisation with reference to the conventional anterior-posterior, superior-inferior, and medial-lateral axes when describing the results of the current study and other studies involving human subjects. The presentation and discussion of studies involving non-human animals follows the terminology for that literature: rostral-caudal, dorsal-ventral, and medial-lateral axes. The orientation of the human dentate nucleus presented in the current manuscript corresponds to that of non-human primates following the description of Dum and Strick (2003): anterior-posterior ~= rostral-caudal, superior-inferior ~= dorsal-ventral, medial-lateral ~= medial-lateral.

To create an overview for navigation and anatomical identification, tract-density images (TDI) of the cerebellum were created. Here, we seeded a total of five million probabilistic streamlines in all voxels with FA > 0.4 and FOD max > 0.1 (computed using CSD) and then supersampled the streamlines into colour-coded density images (0.2 mm isotropic voxels). We also performed a set of targeted tractography analyses to complement this analysis and confirm the relative arrangement of the cerebellar peduncles within the cerebellum. Here we set seed points in the superior, inferior, and middle cerebellar peduncles (SCP, ICP, MCP) (Figure 4). We performed probabilistic CSD tractography using 10,000 streamlines from each seed region, with a DN target mask (SCP), and target masks for the entire cerebellar cortex (ICP, MCP). These analyses were performed to provide the overall picture of the main fibre trajectories within the cerebellum, along with the more specific trajectories of the cerebellar peduncles, to enable comparison with previous tractography work in the human cerebellum (Granziera et al. 2009; van Baarsen et al. 2016). The following lobule-specific analysis was designed to identify the pattern of cortico-nuclear connectivity of the human cerebellum.

Lobule-specific probabilistic tractography to the dentate nucleus

To test whether the human cerebellum shows a topographically consistent pattern of cortico-nuclear connectivity that is similar to that found in nonhuman primates, we performed individual lobule-specific cortico-nuclear tractography between lobules HIV, V, VI, and Crus I and II and the dentate nucleus in both hemispheres. Lobule masks were set as the seed masks and the inner DN mask as the target, with individual-specific coronal exclusion masks in the cerebellar peduncles and axially in the brainstem above the SCP and below the ICP. This arrangement of masks ensured that only those streamlines directly connecting the lobules and dentate nuclei would be preserved. The total number of streamlines connecting each lobule to the DN was normalised according to the volume of the largest lobule in each individual. This normalisation step is akin to correcting for total brain volume in a voxel-based morphometry analysis – it prevents individuals with overly large or small brains from biasing the results and allows the data to directly combined or compared. Tractography from the largest lobule was set at 50,000 successfully completed streamlines and, for example, a lobule that was half as large would be set at 25,000. We also set an initial FOD seeding threshold of 0.1 and a termination threshold of 0.1, terminated tractography upon entry of the target mask, and generated streamlines randomly throughout the seed volume. These parameters were chosen to seed from the GM of individual lobules with proper termination within the DN, and to ensure that a streamline entering one region of the DN did not continue through to another region. We adjusted the number of streamlines connecting each lobule to the DN by lobular volume to ensure that the representation of the connectivity of the DN was as unbiased as possible. With this method each lobule projects a different number of computed streamlines to the DN, but projects the same number of streamlines per voxel as every other lobule. Thus, ten streamlines from lobule HIV terminating in the DN are equivalent and comparable to ten streamlines from Crus II.  The resulting lobule-specific streamlines were counted and resampled to create 0.2 mm isotropic voxel-wise visitation maps, which were used for individual classification or warped to the FA template space for group classification.

Lobule-specific classification of the dentate nucleus

Cerebellar cortico-nuclear connectivity was mapped with a two-pronged approach to assess both individual and grouped data. First, we submitted the individual native space lobule-specific visitation maps to a winner-takes-all voxel classification algorithm (Behrens et al. 2003) implemented in Python. The resulting maps were thresholded to include only those voxels containing a total of ten or more streamlines (at 0.2mm isotropic resolution). The proportion of motor (lobules HIV, V, VI) and non-motor (Crus I, II) territories on the surface of the DN was then calculated based on the projection of each classification onto the surface of individual DN (CBS Tools). In a second approach, the lobule-specific visitation maps were normalised to the template, thresholded to remove voxels with fewer than five streamlines, binarised, and summed across participants to create the population visitation maps. These maps were projected onto the group mean DN for display. The individual normalised lobule-specific visitation maps were also averaged across participants and submitted to the same classification approach described above to create the group average DN classification.

Confirmatory analyses

The potential effects of subject motion on our results were tested by replacing the 4d LPCA denoising step with a standard diffusion correction pipeline (Smith et al. 2004) and two-dimensional image noise reduction (Lohmann et al. 2010) and repeating the analyses.

Results

dMRI coverage extended  from below the inferior olives to 10-20 mm within the occipital cortex, included the entire cerebellum, and extended anteriorly to include the brainstem. In one participant, the anterior portion of the brainstem was cutoff and only three quarters of the pons was within the field of view. The mean of the denoised b0 images for each subject are presented in Figure S1 of the supplementary materials, along with the derived motion correction parameters (Tables S1 and S2). Only three of the four dMRI acquisitions could be completed with two participants due to time limitations. 

The segmented DN volumes were virtually identical to recently reported values. The mean volumes  (± standard deviation) of the DN identified in this study were 385.0 ± 77.4 mm³ for the left DN and 352.1 ± 72.2 mm³ for the right, with an overall mean of 368.6 ± 73.37 mm³. This fits well with the 362.8 ± 89.2 mm³ and  366.1 ± 85.2 mm³ identified by Diedrichsen and colleagues (2011) in susceptibility weighted images with 0.5 mm isotropic resolution and the 358 mm³ found with reconstruction from 0.06 mm resolution post-mortem slices (Sultan et al. 2010). Previous MRI-based quantifications at lower resolutions have reported significantly larger volumes, though these are likely overestimations due to partial volume effects (Dimitrova et al. 2002; Deoni and Catani 2007).

Cerebellar orientation and anatomical organisation

Tract-density images were created for each participant to provide high-resolution images of the fibre tracts in the cerebellum. The course of the cerebellar peduncles and their relationship to the dentate nuclei is apparent in these images, as shown in Figure 3. The dentate nuclei appear as hypointense kidney-shaped structures in the axial plane. Their centers are approximately 13 mm lateral to the midline and mid-way along the anterior-posterior and inferior-superior axes of the cerebellum. The superior cerebellar peduncles connect along the medial surface of the DN and course antero-superiorly to exit the cerebellum and continue up the brainstem. The middle cerebellar peduncles connect in the pons and travel posteriorly into the cerebellum – making up the bulk of the white-matter in this region. Once inside the cerebellum, the MCP fans out to connect to lobular cortex, with a significant proportion of the fibres continuing laterally to the DN and connecting to Crus I & II. The inferior cerebellar peduncles connect in the brainstem and enter the cerebellum lateral to the SCP and medial to the MCP. The fibres travel superiorly, adjacent to the  anterior pole of the DN, prior to fanning out and terminating in the cortex. The slices in the middle row of Figure 3 show that the posterior region of the cerebellar cortex, approximately equivalent to Crus I and II, is predominantly comprised of fibres running laterally across the cortex (shown in red). This pattern likely represent the parallel fibres of the cerebellar cortex (Dell’Acqua et al. 2013; Takahashi et al. 2013), and is not as pronounced in the more anterior lobules due to the more anterior-posterior orientation of these lobules relative to the sagittal plane. Navigable tract-density images for all participants in this study can be found at http://openscience.cbs.mpg.de/cerebellum/.

We also seeded in regions of the SCP, ICP and MCP to confirm the relative arrangement of the cerebellar peduncles within the cerebellum (Figure 4). These results confirmed the pattern of connectivity described above, and is in agreement with the anatomical connectivity of the human cerebellum described by others with in-vivo dMRI (Granziera et al. 2009; van Baarsen et al. 2016), ex-vivo dMRI and histology (Dell’Acqua et al. 2013; Takahashi et al. 2013; Mollink et al. 2015), and recent dissection studies (Perrini et al. 2012; Akakin et al. 2014).

Lobule-specific classification of the dentate nucleus

Lobule-specific tractography to the dentate nucleus was successfully performed in all individuals. Streamlines exhibited a marked preference for connectivity that was topographically-consistent with the arrangement of the cerebellar cortex – such that the more superior lobules HIV, V, and VI connect to the superior surface of the dentate nucleus while the more postero-laterally oriented Crus I and II primarily connect to the posterior and lateral surfaces. 

Individual classifications

The dentate nuclear surface area connected with each lobule across individuals and hemispheres was (mean ± standard deviation): HIV – 2.65 ± 1.52%, V – 4.82 ± 1.82%, VI – 12.85 ± 3.26%, Crus I – 17.65 ± 4.14%, Crus II – 16.51 ± 5.27%. Crucially, we found that a significantly greater area of the dentate nucleus was connected with the non-motor lobules of the cerebellar cortex (two-tailed paired t-test, p < 0.001, t = 13.28, df = 11; mean motor – 20.32 ± 3.66%; non-motor – 34.16 ± 4.89%.  Since we projected from approximately 60% of the cerebellar volume in each individual, we expected that approximately 60% of dentate nuclear area would be classified. Our findings were as predicted, with 54.48 ± 5.76% of the area classified and 45.52 ± 5.76% unclassified. In addition, though the antero-superior region of the dentate nucleus that faces the medial axis where the SCP emerges was correctly left unlabeled in our analysis, it did contribute to our total surface calculation. We estimate that the SCP accounts for between 10 and 15% of what was identified as the total surface of the dentate nucleus. Assuming that the SCP accounts for a conservative 10% of total area, we infer that ~23% of the surface of the dentate nucleus was primarily connected with lobules HIV, V, and VI (motor), ~38% by Crus I and II (non-motor), and ~39% was not projected to by any of our seed regions – resulting in a non-motor:motor dominance ratio of 1.68 for the labeled regions.

Group visitation maps

We created a group visitation map of each lobule to depict the commonalities of the topographical relationship across subjects (Figure 5). Consistent with the streamline orientation present in the individual tractography maps, the group maps revealed that the superior surface was dominated by connections with the motor lobules HIV, V, and VI while the posterior and lateral surface was dominated by connections with the non-motor lobules Crus I and II. The inferior surface was also primarily connected to the non-motor lobules, albeit to a lesser extent. Interestingly, there was much more overlap present within the classifications (motor and non-motor) than between classifications – providing initial evidence that these connections are largely segregated. 

Group classification map

In a final step, we created a group classification map by classifying the average of the co-registered individual visitation maps for each hemisphere. As with the findings from the group visitation maps, this analysis found that the superior surface of the dentate nucleus was dominated by connections with the motor lobules while the posterior and lateral surfaces were dominated by connections with the non-motor lobules (Figure 6). While strikingly similar to findings in non-human primates, which has established putative motor and non-motor territories (Strick et al. 2009), our work also shows that over 50% of the classified surface of the dentate nucleus is primarily connected with non-motor cerebellar cortical regions.

Confirmatory analyses

We found that replacing denoising with motion correction in our pipeline produced results that were virtually identical to those presented above. Figure S2 of the supplementary materials presents a summary of the visitation and classification results for direct comparison with Figure 5.

Discussion

We have used in-vivo sub-millimeter diffusion imaging to present the first structural evidence that the human dentate nucleus contains a superior motor and infero-lateral non-motor topographical connectivity similar to that proposed by animal work. Our findings are in good agreement with recent human functional imaging studies and support the idea of largely segregated cortico-cerebellar loops. In addition, we present first evidence that connections with non-motor cerebellar cortex are the dominant input to the human dentate nucleus. We found that cerebellar cortical non-motor connections took up ~1.68 times the classified surface area of motor connections – a finding that is in good agreement with the hypothesis of an expanded role of the cerebellum in supporting higher cognitive behaviour over the course of primate evolution.

Our findings present the first in-vivo structural evidence that the human dentate nucleus exhibits a connectivity topography that is similar to that of non-human animals. Previous research in animals suggests that the cortico-nuclear projections of the cerebellum follow a regular pattern of connectivity. In the first detailed study of cortico-nuclear connectivity, Clarke and Horsley (1905) found that cerebellar cortical ablation in cats led to selective degradation in the ipsilateral cerebellar nucleus closest to the lesion. This seminal work suggested that the cerebellum follows a general wiring principle where the dominant projections exist between adjacent cortical and nuclear regions. Using a similar approach, Jansen and Brodal (1940) comprehensively evaluated cortico-nuclear connectivity to create a set of degeneration maps of projections to the nuclei – providing the first evidence that there is a topographical map in the deep cerebellar nuclei that reflects the arrangement of the cerebellar cortex (also see Chan-Palay 1977). More recently, an elegant set of experiments performed by Strick and colleagues used invasive tractography to comprehensively map multiple motor and non-motor cortico-cerebellar loops in non-human primates (Middleton and Strick 2001; Dum and Strick 2003). Based upon this work, Strick and colleagues proposed that the dentate nucleus contains a predominantly rostro-dorsal motor and ventro-lateral non-motor pattern of reciprocal structural connectivity (Strick et al. 2009). Our results complement and extend this work by providing the first evidence for a similar topographical distribution of white-matter connectivity in humans. 

In parallel, a large body of work in humans by Schmahmann and colleagues (Schmahmann et al. 2009; Stoodley and Schmahmann 2009, 2010; Stoodley et al. 2012), as well as others (O’Reilly et al. 2010; Buckner et al. 2011; Küper et al. 2011; Thürling et al. 2011; Adamaszek et al. 2014; Bernard et al. 2014), has provided converging evidence that different lobules of the cerebellar cortex are preferentially involved in motor and non-motor tasks. The few studies that have mapped functional activity in the dentate nucleus provide evidence for a predominantly antero-superior motor and postero-inferior non-motor division in humans (Küper et al. 2011; Thürling et al. 2011; Bernard et al. 2014). Küper and colleagues mapped motor (finger tapping) and cognitive (working memory and a visuospatial tasks) performance to antero-superior and posterior dentate nucleus, respectively (2011). Thürling and colleagues found that motor speech activated the antero-superior region while verb generation was localised to the postero-inferior region of the dentate nucleus (2011). In a more data-driven manner, Bernard and colleagues recently compared the functional connectivity of seeds in superior and inferior dentate nucleus during rest (2014). Seeding in the superior dentate nucleus recruited predominantly anterior cerebellum (lobules I-IV, V, and VI, with activity extending into Crus I) while the inferior dentate recruited primarily posterior cerebellum (primarily Crus II) (Bernard et al. 2014). The authors identified two distinct motor and cognitive networks in the cerebellum and cerebral cortex that are consistent with those identified by Dum and Strick (Dum and Strick 2003) and are in excellent agreement with the cortico-nuclear connectivity that we have identified here. 

Our findings provide further confirmation of the general superior vs inferior motor vs non-motor pattern of connectivity described in functional and patient work, confirms that the anterior and posterior cerebellum is predominately connected to the superior and inferior dentate nucleus respectively, and provides the first detailed assessment of white-matter cortico-nuclear connectivity in the human cerebellum. Our findings provide a description of the white-matter anatomical arrangement that may be useful for planning cerebellar surgery (Rhoton 2000), enhancing the interpretation of functional activity/connectivity in the cerebellum and dentate nucleus (O’Reilly et al. 2010; Buckner et al. 2011; Buckner 2013; Bernard et al. 2014), and could be used during interventional studies to help guide optimal electrode placement during non-invasive brain stimulation (Grimaldi et al. 2014; Sehm et al. 2014).

We found evidence for a pronounced distinction in motor vs non-motor white-matter connectivity in the human dentate nucleus. As previously discussed, this finding agrees with the structural anatomical findings from invasive tract tracing in non-human primates. However, there are important differences that provide additional evidence for the increased role of the human cerebellum in functions outside of the motor domain. In non-human primates, it has been estimated that 50-60% of the dentate nucleus is connected to motor-related regions (Dum and Strick 2003). In other words, non-human primates are estimated to have cerebellar cortico-nuclear motor connectivity that is between 1 and 1.5 times greater than that of non-motor connectivity. This motor dominance appears to be dramatically reduced in humans. We found that only ~23% of the surface was connected with lobules HIV, V, and VI. When converted into a multiplier, we therefore estimate that motor connectivity is reduced to ~0.60 times that of non-motor connectivity. Though we acknowledge that neither we nor the work of Strick and colleagues were able to track/label the entirety of the connections to the dentate nucleus, we provide here the first evidence for a shift in the ratio of connectivity of regions that have been shown to be anatomically connected to motor and non-motor cortex in non-human primates. Additional work with high resolution task-based functional imaging and diffusion tractography in the same individuals would be required to assess the degree of overlap between anatomically and functionally defined motor and non-motor regions of the cerebellum. Though a separate question, it may also be possible to combine functional and and diffusion imaging to reveal the finer details of body somatotopy on the superior surface of the dentate nucleus.

In the present study, we chose a classification and thresholding method that was conservative enough to allow regions of the dentate nucleus to remain unlabeled. This method was used to avoid classification that could potentially be driven by a limited set of streamlines and thus bias interpretation. As a result, our findings likely represent a lower-bound for areal classification of the human dentate nucleus. This effect is particularly visible on the supero-lateral surface, as seen in Figure 6, and is likely due to the presence of an orthogonal dominant fibre bundle in this region of the cerebellum, the MCP. The most direct path for fibres originating in the most postero-lateral aspects of the cerebellar cortex (primarily lobules HVI and Crus I) is through the MCP to terminate on the unlabeled superior portion of the lateral aspect of the dentate nucleus. Though it has previously been reported that dMRI-based fibre tractography is impossible in this region at lower spatial resolutions (Granziera et al. 2009), our results show that increased spatial resolution improves our ability to identify most, but not all, structural connectivity of the human dentate nucleus. Though we were able to successfully perform tractography between lobules HIV, V, VI and Crus I, II, the data quality in lobules VIIB and VIII was not sufficient to allow us to accurately characterise their cortico-nuclear connectivity. These lobules, thought to form a mirrored motor representation in the cerebellar cortex (Grodd et al. 2001), are the furthest distance in the brain from the magnet isocenter. Even though dielectric pads were used to preserve signal homogeneity throughout the cerebellum, we were not able to recover comparable data quality in lobules VIIB and VIII. This effect can be seen in the TDI in the bottom panel of Figure 2 (red circle) and is also visible in the b0 images presented in Figure S1. However, since these regions are thought to account for only ~20% of the overall connectivity to the primary motor cortex in non-human primates (Kelly and Strick 2003), their removal is unlikely to significantly alter our results. Even with these caveats, our results provide a much more complete and detailed picture of white-matter connectivity within the cerebellum that, with further improvement in diffusion-weighted acquisitions and tractography algorithms, should allow a complete mapping of connectivity between the cerebellum and cerebral cortex. 

Methodological advances including higher b-values (Setsompop et al. 2013), oscillating gradients (Lundell et al. 2015), ex-vivo preparations with higher spatial resolution (Dell’Acqua et al. 2013), and tractography on histological cross-sections (Larsen et al. 2007; Budde and Annese 2013) are welcome complements to this work. High resolution ex-vivo datasets may be particularly useful for identifying the finer details of cortico-nuclear connectivity within individual lobules, including more fine-grained topographical mapping and the mapping of projection angles to the dentate nucleus. In particular, recent work has begun to tackle three-dimensional reconstructions of sub-100 micrometer polarised light imaging data to identify extremely fine white-matter anatomical details (Reckfort et al. 2015).The diffusion-weighted imaging data presented in this study is, to our knowledge, the highest in-vivo resolution acquired to date. Diffusion imaging at this spatial resolution provides the field with unique opportunities to resolve anatomical features and connectivity patterns that are indistinguishable at conventional resolutions. However, we must also recognise that there are limitations to this technique. Even the highest ex-vivo spatial resolutions are not able to provide the diffusion profile for an axon, or tens of axons, within a single voxel – but represents the average diffusion properties of the axons and cell bodies making up the underlying tissue microstructure (Jones 2008). Nevertheless, diffusion tractography is the only method for assessing three dimensional white-matter connectivity that can be repeatedly performed on live human subjects – and validation and interpretation is an active area of research (e.g., Dauguet et al. 2007; Thomas et al. 2014; Azadbakht et al. 2015). The present study used constrained spherical deconvolution and probabilistic tractography to better model and take into account the effects of crossing fibres. In addition, the high resolution and precise seed and target region identification enabled us to generate a probabilistic tractography path from the grey matter of the cortical lobules to the dentate nucleus. To be as specific as possible, we selected only those regions of the lobule that overlapped with the individual's cerebellar cortical mask and seeded tractography streamlines within the entire region. This method was able to exclude most white-matter bundles from the seeding mask to a much greater extent than would be possible at conventional resolutions. Thus, our results provide the most anatomically specific description of cerebellar organisation and the first description of cerebellar cortico-nuclear connectivity in the living human brain. 

The strengths of diffusion imaging are in its ability to visualise connectivity in three dimensions, provide an overview of connectivity at a larger scale in a single individual (not possible with conventional tract-tracing), and to be performed on live subjects. High-resolution diffusion imaging of the human cerebellum has direct clinical applications (Perrini et al. 2012; Akakin et al. 2014) and contributes important insights to our understanding of intrinsic cerebellar and cortico-cerebellar organisation (Ramnani et al. 2006; Granziera et al. 2009; Dell’Acqua et al. 2013; Takahashi et al. 2013). Future work could take up the challenge of characterising the complete circuit of reciprocal connectivity between the cortex and cerebellum to provide further contributions to our understanding of the role of the cerebellum. Our findings are well aligned with previously described comparisons of SCP connectivity in humans and non-human primates (Ramnani et al. 2006). Since our study was only able to acquire diffusion images in the cerebellum and brainstem (Figure 1A) we are unable to comment on the topography of the connections to the cerebral cortex.

This study presents the first human evidence for a topographical pattern of white-matter connectivity between the cerebellar cortex and dentate nucleus – revealing an organisation that can help us to understand and probe the structure and functional significance of cortico-cerebellar loops in human behaviour. It presents the first evidence that a significant portion of the human dentate nucleus is dominated by non-motor connectivity, which is reversed in non-human primates, and further illustrates the importance of cortico-cerebellar loops in higher cognitive behaviour.

Figure Legends

Figure 1. Overview of acquisition, data processing steps, and outputs. Panel A: Slice coverage area of the dMRI sequence (white) overlayed on a whole-brain quantitative T1 map of a representative individual. Panel B: Image processing and analysis pipeline. Raw data is depicted in white, processing steps in grey, intermediate outputs in black. The final maps represent the co-registered visitation maps and classified dentate nucleus surfaces.

Figure 2. Seed masks and tract-density images (TDI). Lobular segmentation (top): Views of the lobular and dentate nucleus masks are presented as overlays on an individual's T1 map. The lobular colour code is the same for all images and slice markings (H IV – purple; H V – blue; H VI – red; Crus I – green; Crus II – yellow; dentate nucleus (DN) – white), and arrows indicate the position of slices. TDI overlays (bottom): Tract-density image overlayed on indivudal's T1 map. The red oval indicates a region of the postero-lateral cerebellum (lobule H VIII) where our acquisition had steep signal dropoff, resulting in a relative decrease in streamlines. TDI images follow standard orientation colour-coding (red: medial-lateral; blue: superior-inferior; green: anterior-posterior). Orientation legend: A – anterior; S – superior; L – left; R – right.
Figure 3. Tract-density images (TDI) of the human cerebellum at 0.2 mm (isotropic) in three participants. The major tracts, sub-cortical structures, and fine details of tract trajectories can be easily identified. A large amount of structure is visible in the sagittal slice through the pons (middle-right). The pronounced red colouration in the posterior regions of the cerebellar cortex is likely due to the medio-lateral alignment of parallel structures in the cerebellar cortex. All TDI images follow standard orientation colour-coding (red: medial-lateral; blue: superior-inferior; green: anterior-posterior). DN: dentate nucleus; SCP, MCP, ICP: superior, middle, inferior cerebellar peduncles. Orientation legend: A – anterior; S – superior; L – left.
Figure 4. Delineation of the pathways of the cerebellar peduncles. Left: colour-coded seeds in the middle, superior, and inferior cerebellar peduncles (MCP=orange, SCP=gold, ICP=blue) are shown for a single subject. The four tractography images show Top: medial view of the ICP and MCP around the dentate nucleus with and without the SCP; Bottom: Lateral view with and without the MCP. Orientation legend: A – anterior; P – posterior; S – superior; L – left.
Figure 5. Group dentate nucleus visitation maps for the left (L) and right (R) hemispheres for the motor (HIV, V, VI) and non-motor (Crus I, II) lobules. Rows A-C: colour-coded visitation maps projected onto the mean dentate nucleus surface. Each lobule projection was thresholded to show connections consistent in two or more subjects. Superior, lateral, and inferior views of the dentate nucleus are shown separately for each lobule. The distinction between superior motor and infero-lateral non-motor is apparent. Row D: Overlay of group visitation maps showing the motor vs non-motor distinction. Row E:  Dentate nuclear classification based on the group mean lobular connections. Both hemispheres show similar patterns of connectivity, with over 50% of the classified area primarily connected with non-motor lobules. The superior to infero-lateral distinction can also be seen clearly in this group classification map. Orientation legend: A – anterior; S – superior; L – left; R – right.
Figure 6. Relative dominance of non-motor connectivity (Crus I, II) in the human dentate nucleus.  Top-left: Colour-coded cortical lobular segmentation. Bottom: classified images of the dentate nucleus of the left (L) and right (R) hemispheres. Dividing lines correspond to the  surface separation along the superior-inferior(solid) and anterior-posterior dimensions (dotted), as in the image on the right. Our results show that the motor (HIV, V, VI) and non-motor (Crus I, II) territories of the human dentate nucleus occupy 20.3% and 34.2% of the total surface respectively. Top-right: unfolded map of the projections of the dentate nucleus in non-human primates, adapted from Dum and Strick (2003). The horizontal solid line in the middle of the image represents the lateral surface, which extends upwards (dorsally) or downwards (ventrally) along the dentate nucleus before curving medially towards the SCP. Red depicts the approximate rostro-dorsal motor and green the ventro-lateral zones of the dentate nucleus (Strick et al., 2009). Orientation legend: A – anterior; S – superior; L – left; R – right.
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