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The human cerebellum is engaged in a broad array of tasks related to motor coordination, cognition,
language, attention, memory, and emotional regulation. A detailed cerebellar atlas can facilitate
the investigation of the structural and functional organization of the cerebellum. However, existing
cerebellar atlases are typically limited to a single imaging modality with insufficient characterization
of tissue properties. Here, we introduce a multifaceted cerebellar atlas based on high-resolution
multimodal MR, facilitating the understanding of the neurodevelopment and neurodegeneration

of the cerebellum based on cortical morphology, tissue microstructure, and intra-cerebellar and
cerebello-cerebral connectivity.

The cerebellum, also known as the ‘little brain, comprises approximately 80% of the brain’s neurons despite
accounting for only 10% of the total brain volume'. The cerebellum’s total surface area is about 78% that of the
neocortex?, owing to the compact and elaborate folding pattern of the cerebellar cortex. The cerebellum is the
fastest growing structure during infancy® and plays a pivotal role in motor and nonmotor functions involving
cognitive and emotional processes*”. Due to its association with functions beyond motor activities, it is conjec-
tured to be implicated in multiple brain disorders®!!.

A detailed atlas is essential for investigating cerebellar morphology and function. There were several attempts
in constructing cerebellar atlases based on in vivo T1-weighted (T1w) and T2-weighted (T2w) MR images. How-
ever, this endeavor remains challenging since the cerebellar cortex is tightly folded'? with barely distinguishable
boundaries between gray matter (GM) and white matter (WM) in folia and fissures, hence the current cerebellum
atlases tend to oversimplify the structure of the cerebellum by simply classifying the corpus medullare (CM) as
white matter and the rest of the cerebellum as gray matter!'>-1¢,

Here, we provide a multifaceted cerebellar atlas constructed based on open-access high-resolution multimodal
MRI data'’. The atlas covers the anatomical parcellation, cortical surfaces, microstructure, and fiber tracts of
the cerebellum, including

A semi-automatic parcellated anatomical cerebellar atlas with both WM and GM meticulously delineated;
Surface meshes encapsulating the outer and inner surfaces;

Fiber streamlines characterizing intra-cerebellar and cerebello-cerebral structural connectivity; and

Maps of tissue microstructure generated using submillimeter diffusion MRI.

We expect that our cerebellar atlas will facilitate generating new insights into the role of the cerebellum and its
relationship with the cerebrum.

Results

The anatomical atlas delineates regional cerebellar gray matter and white matter

Each cerebellar hemisphere was parcellated into CM, Lobule I-II, Lobule III, Lobule IV, Lobule V, Lobule VI,
Crus I, Crus II, Lobule VIIB, Lobule VIIIA, Lobule VIIIB, Lobule IX, and Lobule X. In line with Schmahmann’s
principle'®, Lobules I-1I, ITI, IV, and V belong to the anterior lobe, Lobule V1, Crus I, Crus II, Lobule VIIB, Lobule
VIIIA, Lobule VIIIB, and Lobule IX belong to the posterior lobe, and Lobule X is also known as the flocculus.
Except the CM, the GM and WM of each cerebellar subregion were delineated, resulting in a cerebellar atlas
comprising 12 GM regions, 12 WM regions, and 1 CM region in each hemisphere (Fig. 1a-b). In addition to
adhering to fissures in demarcating cerebellar subregions, our atlas follows high anatomical fidelity in delineat-
ing cerebellar GM and WM.
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Figure 1. Volumetric (a and b) and surface (c and d) atlases of the cerebellum. WM: White matter; GM: Gray
matter; CM: Corpus medullare.

The surface atlas captures complex folding patterns

We reconstructed the cortical surfaces of the cerebellum, including the outer surface (GM hull) (Fig. 1¢) and the
inner surface (WM-GM interface) (Fig. 1d). Average convexity (Fig. 2a) captures coarse-scale folding patterns at
the lobule level, whereas mean curvature (Fig. 2b) captures fine-scale folding patterns of folia and fissures. Both
coarse and fine folding patterns are preserved in the reconstructed cerebellar surfaces. The inner surface area
of cerebellum is 72,740 mm?, which is about 38.82% of the cerebral inner surface (182,680 mm?) of the same
subject. Crus I is the largest lobule in terms of area in both hemispheres and the aggregate size of Lobule VI, Crus
I, and Crus IT accounts for 57% of the cerebellar inner surface area (Table 1 and Fig. 2). The area of right Crus II
is larger than the left, consistent with previous studies'®. The areas of left Lobule VIIB and right Lobule VIIIA
are substantially larger than their contralateral counterparts, owing to the varying amount of folia'®. Areas of the
other lobules are similar across hemispheres. Furthermore, the Lobules IX and X in the left hemisphere exhibit
higher median convexity compared to the other lobules. Lobule I-II shows the minimum median curvature
and Lobule VIIIB shows the largest median curvature in both hemispheres. Additionally, we observed that the
median curvature values in the anterior lobe are relatively smaller than those in the posterior lobe.

The microstructure atlas maps spatial cellular distribution

Using submillimeter diffusion MRI (dMRI), we characterize cerebellar tissue microstructure via a technique
called spherical mean spectrum imaging (SMSI)*® (Fig. 3). The high-resolution SMSI maps show clear delineation
of WM, GM, and cerebrospinal fluid (CSF). The fractional anisotropy (FA) map delineates deep WM structure
with non-homogeneous spatial pattern in the CM, highlighting the deep cerebellar nuclei. These nuclei are
undulate circular GM structures with lower FA values?®?!. This visibility of the deep cerebellar nuclei is often
obscured due to low T1w contrast or partial volume effects in dMRI with typically lower resolutions?>?. The
microscopic FA (uFA) and intra-axonal volume fraction (IAVF) highlight the unique arbor vitae branching
pattern of cerebellar WM?%, consisting of mossy and climbing fibers going from the brainstem to the cerebellar
cortex”®. The intra-soma (IS) map highlights the cerebellar GM with organized and densely-packed granule cells
and Purkinje cell bodies*>?. The large number of cell bodies, with typically lower packing density than axons,
contained in the cerebellar GM, including Purkinje cells, Granule cells, Stellate cells, Basket cells, and Golgi
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Surface area | Average Convexity Mean Curvature
Region (mm?) (mm, absolute value) | (mm™, absolute value)
L. Lobule I-1I 59 0.154 (0.065, 0.240) 0.134 (0.080, 0.265)
L. Lobule III 272 0.175 (0.066, 0.306) 0.333 (0.156, 0.627)
L. Lobule IV 868 0.152 (0.065, 0.274) 0.267 (0.116, 0.519)
L. Lobule V 2215 0.151 (0.077, 0.280) 0.278 (0.110, 0.572)
L. Lobule VI 6771 0.151 (0.074, 0.243) 0.374 (0.152, 0.717)
L. CrusI 7577 0.172 (0.085, 0.272) 0.381 (0.155, 0.708)
L. Crus II 5954 0.180 (0.094, 0.275) 0.389 (0.156, 0.730)
L. Lobule VIIB 5143 0.184 (0.098, 0.292) 0.391 (0.156, 0.739)
L. Lobule VIIIA 2785 0.149 (0.072, 0.243) 0.400 (0.169, 0.733)
L. Lobule VIIIB 2125 0.143 (0.065, 0.262) 0.436 (0.200, 0.755)
L. Lobule IX 2044 0.199 (0.090, 0.320) 0.398 (0.173, 0.696)
L. Lobule X 457 0.224 (0.114, 0.334) 0.368 (0.183, 0.638)
R. Lobule I-I 39 0.138 (0.069, 0.231) 0.133 (0.070, 0.266)
R. Lobule ITI 256 0.157 (0.073, 0.260) 0.400 (0.173, 0.693)
R. Lobule IV 776 0.147 (0.054, 0.271) 0.315(0.139, 0.616)
R. Lobule V 1879 0.139 (0.062, 0.242) 0.276 (0.120, 0.565)
R. Lobule VI 6978 0.152 (0.076, 0.254) 0.353 (0.144, 0.704)
R.CrusI 7135 0.169 (0.083, 0.267) 0.328 (0.119, 0.691)
R. Crus IT 7050 0.186 (0.095, 0.275) 0.379 (0.150, 0.718)
R. Lobule VIIB 3300 0.198 (0.105, 0.286) 0.401 (0.159, 0.751)
R. Lobule VIIIA 4334 0.175 (0.088, 0.274) 0.410 (0.175, 0.756)
R. Lobule VIIIB 2271 0.164 (0.082, 0.262) 0.410 (0.184, 0.721)
R. Lobule IX 1998 0.174 (0.077, 0.314) 0.360 (0.162, 0.633)
R. Lobule X 454 0.193 (0.104, 0.280) 0.390 (0.176, 0.682)
Total 72740 0.169 (0.083, 0.271) 0.370 (0.150, 0.705)

Table 1. Regional features of the inner surfaces of the left (L) and right (R) cerebellar hemispheres.
Average convexity and mean curvature are shown in the form of median (lower quartile, upper quartile).

cells*?, result in a greater intercellular space compared with the cerebellar WM. This is corroborated by the
high extra-cellular volume fraction (ECVF) observed in the cerebellar cortex. Similarly high ECVF values can
be observed for the deep cerebellar nuclear mass. The mean diffusivity (MD), microscopic mean diffusivity (u
MD), and free water (FW) maps provide further insights into the microstructural organization of the cerebellum
without distinguishing intra- and extra-cellular water diffusion®-%°.

We calculated the T1w/T2w ratios, as well as FA, MD, and SMSI values for all voxels in the cerebellum (Fig. 4).
Our results reveal an S-shaped pattern of median T1w/T2w ratios in cerebellar subregions, with relatively small
values in Crus Il and Lobule X, consistent with previous findings®'. Moreover, we observed an intriguing pattern
with Crus I and Lobule X demonstrating reduced values for FA, uFA, and IAVE, and elevated values for MD,
uMD, and ECVE Low values of T1w/T2w ratios, FA, uFA, and IAVF are commonly considered indicative of
inadequate myelination, as are high values of MD, uMD, and ECVE. Additionally, we present a comprehensive
comparison of the aforementioned parameters between GM and WM in different cerebellar hemispheres within
each lobule (Fig. 5).

The tract atlas reflects connectivity within the cerebellum and with the cerebrum

We investigated the connectivity of each cerebellar subregion with the cerebrum (Fig. 6). Our results indicate
that the cerebellum is highly connected with the frontal, parietal, temporal, occipital, and subcortical regions
of the cerebrum. Additionally, it is noteworthy that there is strong connectivity between bilateral cerebellar
subregions, such as Lobule IV, Crus I, and Crus II, with cerebral subregions, including the superior frontal
gyrus, precentral gyrus, paracentral lobule, superior parietal gyrus, precuneus, lateral occipital gyrus, caudate,
pallidum, and thalamus. We also quantified cerebello-cerebral connectivity using SMSI (Fig. 7). The results
indicate higher FA and TAVF values, as well as lower MD, uMD, and ECVF values, for connections between the
cerebellum and the cerebral motor areas, such as the precentral gyrus, paracentral lobule, and postcentral gyrus,
in comparison to those between the cerebellum and cerebral regions associated with cognitive functions. This
contrast is particularly prominent for connectivity based on ECVF (Fig. 7f) and IAVF (Fig. 7g). We identified
fiber bundles that traverse the cerebellum to different regions of the cerebrum (Fig. 8), including 13 bundles
to the frontal cortex, 6 bundles to the motor cortex, 3 bundles to the parietal cortex, 3 bundles to the occipital
cortex, 3 bundles to the occipital and temporal cortices, 12 bundles to the subcortical structures, and 9 bundles
to the pons and medulla. Additionally, we identified multiple tracts within the cerebellum and classified them
based on whether they spanned both cerebellar hemispheres.
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Figure 2. Features of the cerebellar inner surface: (a) average convexity (mm), (b) mean curvature (mm-),
(c) regional surface area (mm?), (d) average convexity (mm, absolute value, top 50%), and, (e) mean curvature
(mm™, absolute value, top 50%). The box within each violin plot marks the interquartile range and median.

Discussion

In this work, we constructed using T1- and T2-weighted and diffusion MRI a high-resolution multimodal atlas
that captures morphological, microstructural, and connectivity features of the cerebellum. We introduced for
the first time a cerebellar parcellation consisting of 24 distinct GM and WM regions in each hemisphere, in addi-
tion to the CM. We calculated the connectivity between cerebellar subregions and with the cerebrum, providing
evidence supporting the involvement of the cerebellum in cognitive functions. Our high-resolution cerebellar
parcellation map can contribute to the fine-grained investigation of the evolution of cerebellar GM and WM
during neurodevelopment and neurodegeneration.

Recent methods for cerebellar segmentation, such as SUIT" and CERES'S, rely on T1-weighted images and
do not consider information on connectivity and microstructure provided by diffusion MRI. These methods
remain coarse in their delineation of within-lobule WM and GM and fail to distinguish smaller regions associ-
ated with Lobule I to Lobule I'V. Unlike existing cerebellar parcellations, we utilized a semi-automatic cerebellar
parcellation method with submillimeter structural and diffusion MRI to generate a comprehensive cerebellar
atlas that distinguishes WM and GM at the folium level and at the same time allows quantification of cerebel-
lar tissue microstructure and intra-cerebellar and cerebello-cerebral connectivity. We referred to Schmahmann’s
nomenclature'® in segmenting the cerebellum into CM, Lobule I-II, Lobule III, Lobule IV, Lobule V, Lobule VI,
Crus I, Crus II, Lobule VIIB, Lobule VIIIA, Lobule VIIIB, Lobule IX, and Lobule X. Our cerebellar anatomical
atlas not only delineates all the cerebellar subregions, but also further divides each cerebellar subregion into GM
and WM, providing more details for a closer investigation into the cerebellum. The cerebellar atlas generated
by our parcellation method can assist researchers in analyzing the cerebellar cortex and in investigating lobular
WM/GM changes.

The considerably larger surface area and intricately folded pattern of the human cerebellar cortex, in compari-
son to other mammals®>*, indicate its potential relevance to cognitive performance. Recent years have witnessed
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Figure 3. Cerebellar microstructure. Diffusion-based cerebellar microstructure indices: fractional anisotropy
(DTI-FA), microscopic FA («FA), mean diffusivity (DTI-MD, pmz ms ™), microscopic MD (uMD, pmz ms),
and intra-axonal (IA), intra-soma (IS), extra-cellular (EC), and free-water (FW) volume fractions.

-36

growing interest in the morphology of the human cerebellar cortex**-¢. Our surface atlas allows further insight
into cerebellar folding complexity. Interestingly, we found that the surface ratio between the cerebellum and
cerebrum is 38.82%, which is lower than 78% reported by Sereno et al.> and 68% reported by Zheng et al.**. This
discrepancy might be caused by the relatively lower spatial resolution of our data. Additionally, it is worth noting
that the ratio computed by Sereno et al.” is not based on the cerebral surface area of the same individual®. Zheng
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Figure 4. The gradients of regional T1w/T2w ratio, FA, MD, and SMSI index averages. The box within each

violin plot marks the interquartile range and median.

et al.** made the assumption that the shrinkage coefficients of the cerebrum and the cerebellum are identical,
potentially leading to a biased ratio.
Methods such as diffusion tensor imaging (DTI)¥, diffusion kurtosis imaging (DKI)*®, neurite orientation
dispersion and density imaging (NODDI)* have been used to characterize the tissue microstructure of the cer-
ebral WM. With a typical 3-layer configuration, the average thickness of cerebellar cortex is around 1.2 mm™*,
which is only about 1/3 of the cerebral cortex*!, causing considerable challenge in tissue-specific microstructural
analysis. By leveraging SMSI, we constructed an atlas incorporating uFA, uMD, and IA, IS, EC, and FW volume
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Figure 5. The gradients of regional averages for GM (top) and WM (bottom) of the left (light blue) and right
(light violet) hemispheres: (a) T1w/ T2w ratio, (b) fractional anisotropy (DTI-FA), (¢) microscopic FA (u

FA), (d) mean diffusivity (DTI-MD, um? ms™"), (e) microscopic MD (uMD, um? ms™"), (f) free-water volume
fraction (FWVE in logl0), (g) extra-cellular volume fraction (ECVEF), (h) intra-axonal volume fraction (IAVF),
and, (i) intra-soma volume fraction (ISVF) . The box within each violin plot marks the interquartile range and

median.
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Figure 6. Connectivity matrices between the cerebellum and the cerebrum weighted by the sum of streamline
weights (SSWs). CACG: caudal anterior cingulate gyrus; CMFG: caudal middle frontal gyrus; FP: frontal

pole; LOFG: lateral orbitofrontal gyrus; MOFG: medial orbitofrontal gyrus; PaCG: paracentral lobule; POP:
pars opercularis; POR: pars orbitalis; PrCG: precentral gyrus; PTR: pars triangularis; RACG: rostral anterior
cingulate gyrus; RMFG: rostral middle frontal gyrus; SFG : superior frontal gyrus; ICG: isthmus cingulate gyrus;
IPG: inferior parietal gyrus; PCG: posterior cingulate gyrus; PCU: precuneus; PoOCG: postcentral gyrus; SMG:
supramarginal gyrus; SPG: superior parietal gyrus; CU: cuneus; LG: lingual gyrus; LOG: lateral occipital gyrus;
PCAL: pericalcarine; BSTS: banks of the superior temporal sulcus; EC: entorhinal cortex; FG: fusiform gyrus;
ITG: inferior temporal gyrus; MTG: middle temporal gyrus; PHIG: parahippocampal gyrus; STG: superior
temporal gyrus; TP: temporal pole; TTG: transverse temporal gyrus; IN: insula; TH: thalamus; AC: accumbens
area; CA: caudate; PA: pallidum; PU: putamen; AM: amygdala; HI: hippocampus.

fractions in addition to regularly used indices such as FA and MD, enabling more comprehensive assessment of
WM and GM tissue microstructure.

Mildly myelinated cortical regions are often associated with high-order cognitive function*’, and intracor-
tical circuit complexity is inversely associated with myelination*’. Therefore, myelination is hypothesized to
potentially impede synaptic plasticity, which is a crucial neurobiological foundation for memory and learning*.
Our analysis involving T1w/T2w ratio, FA, MD, and SMSI indices indicated that Crus I, Crus II, and Lobule
X exhibited lower myelination compared with other subregions. These observations are in line with previous
studies supporting the roles of Crus I and Crus II in working memory and Lobule X in emotional function**.
Furthermore, our results showed connections with increased myelination between the cerebellum and motor
areas of the cerebrum, as indicated by higher IAVF and lower ECVE, compared with connections to regions
responsible for higher-order functions.

A growing number of studies have focused on the role of cerebellum in cognitive processes®, including
attention®®, working memory, learning ability, executive function, language processing®’, and emotional
experience®”. In this study, we borrowed ideas from the concept of co-segmentation*® and designed a multi-scale
voxel clustering method driven by voxel-wise connectivity profiles for cerebellar parcellation. We calculated the
connectivity between each subregion of the cerebellum and the cerebrum, and observed that there is significant
connectivity between the cerebellum and cerebral regions such as the superior frontal gyrus, superior parietal
gyrus, precentral gyrus, paracentral lobule, precuneus, lingual gyrus, lateral occipital gyrus, hippocampus, para-
hippocampal gyrus, caudate nucleus, pallidum, and thalamas. The thalamus and striatum might be pivotal com-
ponents in cerebello-cortical circuit as previous studies have well documented*-*2. Our findings also revealed
connectivity between the cerebellum and the motor cortex, which is consistent with the widespread recognition
of the cerebellum as a crucial hinge in modulating motor coordination®*>*. It is especially intriguing to find
that the majority of cerebral regions connected with cerebellar regions are responsible for cognitive processes.
The superior frontal gyrus is thought to be associated with higher cognitive function, high levels of working
memory, and emotional function®>*¢ in addition to being involved in sensorimotor integration processes®’. The
superior parietal lobule has been shown to be associated with working memory®, spatial cognitive function®,
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Figure 7. Connectivity matrices between the cerebellum and the cerebrum weighted by, (a) fractional
anisotropy (FA), (b) microscopic FA (uFA), (c) mean diffusivity (MD, pm2 ms™), (d) microscopic MD (uMD,
pmz ms™), (e) free-water volume fraction (FWVF), (f) extra-cellular volume fraction (ECVF), (g) intra-axonal
volume fraction (IAVF), and, (h) intra-soma volume fraction (ISVF).

and attention shift®. The precuneus has been well documented to be involved in high-order cognitive functions
such as first-person perspective experience®!, episodic source memory retrieval®?, memory-related imagery,
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Figure 8. Tract bundles within the cerebellum (green) and between the cerebellum and the cerebrum (blue).

and visual imagery®. The lingual gyrus is regarded as an important area related to memory®*®*, depression®**’,
and global shape processing when reading®. The hippocampus has been widely considered as a key structure
involved in memory®~"!. The parahippocampus is considered to be involved in memory function, attention and
visuospatial processing”>”>. The lateral occipital cortex is regarded as a critical structure for object recognition”.
Furthermore, employing fiber tracking with submillimeter dMRI data, we constructed an atlas of fiber tracts
connecting the cerebellum with the cerebral cortex, subcortex (including the thalamus and striatum), and pons
and medulla, as well as fiber tracts connecting cerebellar subregions. Our study provides evidence supporting
the role of the cerebellum in cognitive processes.

There are varying opinions on the functional organization of the cerebellum. One view is that the functional
map of the cerebellum is coupled to the anatomical map. Studies have shown that there is a gradient change in
function from “motor” to “cognition” and then to “motor” from cerebellar Lobule I to Lobule VII (including Crus
I, Crus II, and Lobule VIIb), and then to Lobule IX'®***, Some studies summarized that the medial, intermedi-
ate, and lateral zones of the cerebellum are functionally associated with emotional, motor, and cognitive tasks,
respectively®”. Another view is that the functional boundaries do not match the lobular boundaries’, and that
functional differences between cerebellar lobules may not be greater than the functional differences within lob-
ules. Our findings demonstrate that each lobule of the cerebellum, especially Crus I, Crus II, and Lobule VIIb,
is connected with multiple cerebral regions, supporting the functional complexity of the cerebellum. Our study
provides evidence for the diversity of cerebellar functions across lobules.

White matter fiber tracts from various directions often pass through deep nuclei within the CM of the cer-
ebellum, presenting great challenges for fiber tracking. Therefore, we chose to ignore fiber tracts that originate
from or terminate in the CM, albeit at the risk of losing some potentially meaningful results. Another limitation
of diffusion tractography is its inability in differentiating between afferent and efferent fibers tracts. Our atlas
is based on a single participant and further work is needed to propagate information captured in our atlas to a
larger population.

Conclusion

To sum up, our cerebellar atlas captures the fine-scale folding patterns of folia and fissures, allowing the investiga-
tion of cortical morphology with respect to cerebellar functions. Our atlas is enriched by information on tissue
microstructure, allowing fine-grained characterization of subvoxel tissue compartments. Our atlas also captures
information on cerebellar and cerebello-cerebral connectivity, facilitating the understanding of the role of the
cerebellum in functions such as motor coordination and cognition.

Methods

Dataset and preprocessing

MRI data'” was acquired at submillimeter isotropic resolutions for a young Caucasian male using the MGH-USC
3T Connectom scanner with a custom-built 64-channel coil. Scanning was carried out in 9 two-hour sessions.
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A custom built 64-channel coil with a personalized motion-robust head stabilizer was used to improve image
quality and minimize motion artifacts’’-*. The submillimeter resolution provides additional anatomical details
important for smaller structures such as the cerebellum. The acquisition parameters are as follows:

e Tl-weighted (T1w) image: repetition time (TR) = 2530 ms; echo time (TE) = 1.29, 3.08, 4.83, 6.58 ms; inver-
sion time (TT) = 1110 ms; isotropic resolution = 0.7 mm; flip angle =7° FOV =256 x 256 x 146 mm?; total
acquisition time = 8.38 minutes.

e T2-weighted (T2w) image: TR = 3200 ms; TE = 563 ms; isotropic resolution = 0.7 mm; FOV =
224 x 224 x 180 mm?; total acquisition time = 8.4 minutes.

o Diffusion-weighted images: TR = 3500 ms; TE = 75 ms; in-plane resolution=0.76 mm; FOV =220 x 288 mm?;
b-values = 0, 1000, 2500 s mm™2 for 144, 420, and 840 directions, respectively. Total acquisition time was
approximately 14.5 hours.

The reconstructed diffusion data was denoised with MP-PCA®, corrected for signal drift®, susceptibility-induced
distortion, eddy currents distortion, signal dropoff, motion artifact, and gradient nonlinearity using FSL® and
MRtrix3%. Finally, visual QC was performed. These are common preprocessing steps widely used in diffusion
MRI to ensure high quality data®. Finally, T1- and T2-weighted images were transformed into diffusion space
via multi-contrast nonlinear registration using ANTS.

Utilizing ITK-SNAP%, WM was initially outlined, followed by the identification and annotation of the CM
located centrally in the bilateral cerebellar hemispheres. Annotation was performed slice by slice on the T1lw
image and subsequently checked on coronal, sagittal, and transverse sections to ensure anatomical continuity
and no isolated voxels. The annotation was further refined based on the T2w image.

Based on automated tract-based parcellation, we performed manual editing to further subdivide the cerebel-
lum into subregions based on cerebellar fissures, following the principles established by Schmahmann et al.!8.
Specifically, we initially delineated Lobule V and Lobule VT using the primary fissure, which serves as the bound-
ary between the anterior and posterior lobes of the cerebellum. Subsequently, we identified the posterolateral
fissure as the boundary between Lobule IX and Lobule X, which also demarcates the posterior lobe from the
flocculus. Several other significant fissures were used for further delineation, including the superior posterior
fissure to delineate Lobule VI and Crus I, the horizontal fissure to separate Crus I and Crus II, the ansoparamed-
ian fissure to separate Crus I and Lobule VIIB, the intrabiventer fissure to distinguish Lobule VIIIA and Lobule
VIIIB, and the secondary fissure to separate Lobule VIIIB and Lobule IX.

Surface construction

The GM-WM boundaries are carefully identified, particularly in regions with micro-foliations. The inner surface
at the GM-WM interface was reconstructed, and its average convexity and mean curvature were computed using
FreeSurfer® to characterize folding patterns.

Spherical mean spectrum imaging
Cerebellar microstructure was quantified using SMSI'*%3%_ Specifically, SMSI involves a diffusion spectrum that
encompasses all biologically plausible diffusion processes at fine to coarse scales, including both anisotropic
and isotropic diffusion. SMSI assesses the contributions of diffusion in micro-environments to the voxel signal.
The volume fractions of various compartments, such as free-water, intra-soma, intra-axonal, and extra-cellular
diffusion, along with microscopic fractional anisotropy and mean diffusivity, were calculated. The utilization of
the spherical mean ensures that SMSI measurements are free from the confounding effect of fiber orientation.
Implementation details are described in'®%®. Briefly, the spectrum is spanned by anisotropic atoms with
longitudinal diffusivity 4 from 1.0 x 107°mm?s~!t0 2.0 x 10~>mm?s~! and perpendicular diffusivity 1|
satisfying s > 1.1as well as isotropic atoms with diffusivity from 0 x 107>mm?s 't03.0 x 10 mm?*s~*,in
step size 0.1 x 10~>mm? s~ L. By considering the whole diffusion spectrum biologically feasible for the human
brain, SMSI does not rely on hypothetical compartment diffusivity and cardinality, unlike other microstructure
models. This is useful for studying lesser investigated structures like the cerebellum.

Cerebellar parcellation
Our parcellation method involves (i) cerebellar tractography®®; (ii) streamline clustering®’; (iii) voxel annotation
based on streamline clusters®; (iv) sparse non-negative matrix factorization (NMF) for cerebellparcellation®;
and (v) manual refinement.

Tractography was performed using asymmetric fiber orientation distribution functions (AFODFs) to more
accurately represent complex axonal patterns (e.g., bending, fanning, and crossing) and alleviate gyral bias to
promote better cortico-cortical connectivity’!. Fiber streamlines were generated by successively following the
local directions determined from the AFODFs®". The active cortex tractography (ACT)*° technique was employed
to facilitate the penetration of streamlines into the cortex through the superficial WM. ACT uses a scouting
mechanism to aid sharper turns into the cortical gyrus. This feature is particularly beneficial for the cerebellum,
which has dense cortical folds. Whole-brain tractography was carried out with 64 random seeds per voxel, yield-
ing approximately 100 million streamlines, but only streamlines that terminated at the cerebellar cortical regions
were retained. We employed a recent approach® to identify a total of M = 4, 8,12, 16, 20, 24, 28, 32, 36, 38 parcels
based on B = 50, 100, 150, 200, 250, 300, 350, 400, 450, 500 bundles determined by unsupervised clustering of the
cerebellar tractography streamlines, resulting in 10 x 10 initial label maps.
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Multi-scale consistent parcellation was performed by jointly considering all the initial label maps. First, we
encoded the relationships between the 100 initial label maps and N voxels using a matrix C = (cg;), where cy; is
the label of the i-th voxel in the k-th label map. Next, we decomposed the encoding matrix into M components
using sparse NME, yielding a component matrix H and the corresponding component coefficients. Each voxel
was assigned to the component that corresponds to the largest coefficient in its coefficient vector, resulting in
a parcellation map S with M parcels. We corrected for isolated voxels in S by incorporating information from
neighboring voxels®. We manually determined the best parcellation with M = 25 from a range of candidate
parcellations (M = 4 to M = 100), based on previous studies'*!®**. Finally, we manually inspected and refined
the segmentation according to an existing protocol for hierarchical parcellation of the cerebellum!>!#%,

Connectome construction

Each connection was quantified via the weighted streamline count (SC) between two regions. Diffusion tractog-
raphy may not always yield accurate connectivity between brain regions due to various factors®. To mitigate this
problem, we assigned to each streamline a weight that was determined by tractogram matching with fixel-wise
fiber densities using SIFT2%. We further weighted the connections by streamline-averaged microstructural
measurements (FA, MD, and SMSI indices)?®-'%! to reflect microstructural integrity®®!9%1%,

Statistical analysis and visualization

The dplyr'™ package in R!% (version 3.8.0, https://www.R-project.org/) was utilized to remove outlier surface
features, T1w/ T2w ratios, and SMSI indices. The cleaned data were then visualized using the ggplot2 package'®
in R. The pheatmap package'?” in R was employed to display the connectivity matrices. ITK-SNAP® was utilized
to visualize the volumetric and surface atlases. ParaView (version 5.10.1, https://www.paraview.org/) was used

to visualize the average convexity and mean curvature of the cerebellar inner surface as well as the fiber bundles.

Data availability

The original T1-weighted, T2-weighted, and diffusion MRI data is freely available at https://doi.org/10.5061/
dryad.nzs7h44q2 and https://doi.org/10.5061/dryad.rjdfn2z8g'”. The multimodal cerebellar atlas is available
at https://cerebellum.yaplab.io: Data/T1w_Space: Surface and volumetric data in T1w space. Data/DWI
Space: Surface, volumetric, and tract data in the DWI space. Data/Numerical/Microstructure:
Voxel-wise microstructural measurements for each cerebellar subregion. Data/Numerical/Connectiv-
ity: Intra-cerebellar and cerebello-cerebral connectivity. Data/Cerebral Regions.csv: Name abbrevia-
tions of cerebral regions. Data/Cerebellar Regions.csv: Label indices of cerebellar regions.

Received: 17 November 2023; Accepted: 23 February 2024
Published online: 07 March 2024

References
1. Azevedo, E A. et al. Equal numbers of neuronal and nonneuronal cells make the human brain an isometrically scaled-up primate
brain. J. Comp. Neurol. 513, 532-541. https://doi.org/10.1002/cne.21974 (2009).
2. Sereno, M. L. et al. The human cerebellum has almost 80% of the surface area of the neocortex. Proc. Natl. Acad. Sci. 117,
19538-19543. https://doi.org/10.1073/pnas.2002896117 (2020) https://www.pnas.org/doi/pdf/10.1073/pnas.2002896117..
3. Ahmad, S. et al. Multifaceted atlases of the human brain in its infancy. Nat. Methods 20, 55-64. https://doi.org/10.1038/s41592-
022-01703-z (2023).
4. Stoodley, C. J. The cerebellum and cognition: Evidence from functional imaging studies. Cerebellum 11, 352-365. https://doi.
0rg/10.1007/s12311-011-0260-7 (2012).
5. Thach, W. T., Goodkin, H. P. & Keating, J. G. The cerebellum and the adaptive coordination of movement. Annu. Rev. Neurosci.
15, 403-442. https://doi.org/10.1146/annurev.ne.15.030192.002155 (1992).
6. Timmann, D. et al. The human cerebellum contributes to motor, emotional and cognitive associative learning. A review. Cortex
46, 845-857. https://doi.org/10.1016/j.cortex.2009.06.009 (2010).
7. Turner, B. M. et al. The cerebellum and emotional experience. Neuropsychologia 45, 1331-1341. https://doi.org/10.1016/j.neuro
psychologia.2006.09.023 (2007).
8. Jacobs, H. 1. et al. The cerebellum in Alzheimer’s disease: Evaluating its role in cognitive decline. Brain 141, 37-47. https://doi.
org/10.1093/brain/awx194 (2017).
9. Andreasen, N. C. & Pierson, R. The role of the cerebellum in schizophrenia. Biol. Psychiatry 64, 81-88. https://doi.org/10.1016/j.
biopsych.2008.01.003 (2008).
10. Fatemi, S. H. et al. Consensus paper: Pathological role of the cerebellum in autism. Cerebellum 11, 777-807. https://doi.org/10.
1007/s12311-012-0355-9 (2012).
11. Phillips, J. R., Hewedi, D. H., Eissa, A. M. & Moustafa, A. A. The cerebellum and psychiatric disorders. Front. Public Health 3,
66. https://doi.org/10.3389/fpubh.2015.00066 (2015).
12. Pierson, R. et al. Manual and semiautomated measurement of cerebellar subregions on MR images. Neuroimage 17, 61-76.
https://doi.org/10.1006/nimg.2002.1207 (2002).
13. Diedrichsen, J. A spatially unbiased atlas template of the human cerebellum. Neuroimage 33, 127-138. https://doi.org/10.1016/j.
neuroimage.2006.05.056 (2006).
14. Han, S, Carass, A. & Prince, J. L. Hierarchical parcellation of the cerebellum. In Medical Image Computing and Computer-Assisted
Intervention (MICCAI) Vol. 11766, 484-491. https://doi.org/10.1007/978-3-030-32248-9_54 (2019).
15. Park, M. T. et al. Derivation of high-resolution MRI atlases of the human cerebellum at 3T and segmentation using multiple
automatically generated templates. Neuroimage 95, 217-231. https://doi.org/10.1016/j.neuroimage.2014.03.037 (2014).
16. Romero, J. E. et al. CERES: A new cerebellum lobule segmentation method. Neuroimage 147, 916-924. https://doi.org/10.1016/j.
neuroimage.2016.11.003 (2017).
17. Wang, E. et al. In vivo human whole-brain connectom diffusion MRI dataset at 760 «m isotropic resolution. Sci. Data 8, 1-12.
https://doi.org/10.1038/s41597-021-00904-z (2021).
18. Schmahmann, J. D. et al. Three-dimensional MRI atlas of the human cerebellum in proportional stereotaxic space. Neuroimage
10, 233-260. https://doi.org/10.1006/nimg.1999.0459 (1999).

Scientific Reports |

(2024) 14:5622 | https://doi.org/10.1038/s41598-024-55412-y nature portfolio


https://www.R-project.org/
https://www.paraview.org/
https://doi.org/10.5061/dryad.nzs7h44q2
https://doi.org/10.5061/dryad.nzs7h44q2
https://doi.org/10.5061/dryad.rjdfn2z8g
https://cerebellum.yaplab.io
https://doi.org/10.1002/cne.21974
https://doi.org/10.1073/pnas.2002896117
https://www.pnas.org/doi/pdf/10.1073/pnas.2002896117.
https://doi.org/10.1038/s41592-022-01703-z
https://doi.org/10.1038/s41592-022-01703-z
https://doi.org/10.1007/s12311-011-0260-7
https://doi.org/10.1007/s12311-011-0260-7
https://doi.org/10.1146/annurev.ne.15.030192.002155
https://doi.org/10.1016/j.cortex.2009.06.009
https://doi.org/10.1016/j.neuropsychologia.2006.09.023
https://doi.org/10.1016/j.neuropsychologia.2006.09.023
https://doi.org/10.1093/brain/awx194
https://doi.org/10.1093/brain/awx194
https://doi.org/10.1016/j.biopsych.2008.01.003
https://doi.org/10.1016/j.biopsych.2008.01.003
https://doi.org/10.1007/s12311-012-0355-9
https://doi.org/10.1007/s12311-012-0355-9
https://doi.org/10.3389/fpubh.2015.00066
https://doi.org/10.1006/nimg.2002.1207
https://doi.org/10.1016/j.neuroimage.2006.05.056
https://doi.org/10.1016/j.neuroimage.2006.05.056
https://doi.org/10.1007/978-3-030-32248-9_54
https://doi.org/10.1016/j.neuroimage.2014.03.037
https://doi.org/10.1016/j.neuroimage.2016.11.003
https://doi.org/10.1016/j.neuroimage.2016.11.003
https://doi.org/10.1038/s41597-021-00904-z
https://doi.org/10.1006/nimg.1999.0459

www.nature.com/scientificreports/

19.

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Huynh, K. M. et al. Probing tissue microarchitecture of the baby brain via spherical mean spectrum imaging. IEEE Trans. Med.
Imaging 39, 3607-3618. https://doi.org/10.1109/TMI.2020.3001175 (2020).

Chan-Palay, V. The Cerebellar Dentate Nucleus (Springer, 1977).

Habas, C. Functional imaging of the deep cerebellar nuclei: A review. Cerebellum 9, 22-28. https://doi.org/10.1007/s12311-009-
0119-3 (2010).

Diedrichsen, J. et al. Imaging the deep cerebellar nuclei: A probabilistic atlas and normalization procedure. Neuroimage 54,
1786-1794. https://doi.org/10.1016/j.neuroimage.2010.10.035 (2011).

Kim, J., Patriat, R., Kaplan, J., Solomon, O. & Harel, N. Deep cerebellar nuclei segmentation via semi-supervised deep context-
aware learning from 7T diffusion MRI. IEEE Access 8, 101550-101568. https://doi.org/10.1109/ACCESS.2020.2998537 (2020).
Lehman, V. T. et al. Current concepts of cross-sectional and functional anatomy of the cerebellum: A pictorial review and atlas.
Br. J. Radiol. 93, 20190467. https://doi.org/10.1259/bjr.20190467 (2020).

Eccles, J. C. The cerebellum as a computer: Patterns in space and time. J. Physiol. 229, 1-32. https://doi.org/10.1113/jphysiol.
1973.sp010123 (1973).

Tax, C. M., Szczepankiewicz, E, Nilsson, M. & Jones, D. K. The dot-compartment revealed? Diffusion MRI with ultra-strong
gradients and spherical tensor encoding in the living human brain. Neuroimage 210, 116534. https://doi.org/10.1016/j.neuro
image.2020.116534 (2020).

Sillitoe, R. V. & Joyner, A. L. Morphology, molecular codes, and circuitry produce the three-dimensional complexity of the
cerebellum. Annu. Rev. Cell Dev. Biol. 23, 549-577. https://doi.org/10.1146/annurev.cellbio.23.090506.123237 (2007).

Vos, S. B., Jones, D. K., Jeurissen, B., Viergever, M. A. & Leemans, A. The influence of complex white matter architecture on the
mean diffusivity in diffusion tensor MRI of the human brain. Neuroimage 59, 2208-2216. https://doi.org/10.1016/j.neuroimage.
2011.09.086 (2012).

Kaden, E., Kelm, N. D., Carson, R. P,, Does, M. D. & Alexander, D. C. Multi-compartment microscopic diffusion imaging.
Neuroimage 139, 346-359. https://doi.org/10.1016/j.neuroimage.2016.06.002 (2016).

Pasternak, O., Sochen, N., Gur, Y., Intrator, N. & Assaf, Y. Free water elimination and mapping from diffusion MRI. Magn. Reson.
Med. 62, 717-730. https://doi.org/10.1002/mrm.22055 (2009) https://onlinelibrary.wiley.com/doi/pdf/10.1002/mrm.22055..
Liu, X., d'Oleire Uquillas, E, Viaene, A. N., Zhen, Z. & Gomez, J. A multifaceted gradient in human cerebellum of structural and
functional development. Nat. Neurosci. 25, 1129-1133. https://doi.org/10.1038/s41593-022-01136-z (2022).

Van Essen, D. C. Surface-based atlases of cerebellar cortex in the human, macaque, and mouse. Ann. N. Y. Acad. Sci. 978,
468-479. https://doi.org/10.1111/j.1749-6632.2002.tb07588.x (2002).

Baizer, J. S. Unique features of the human brainstem and cerebellum. Front. Hum. Neurosci. 8, 202. https://doi.org/10.3389/
fnhum.2014.00202 (2014).

Zheng, . et al. Three-dimensional digital reconstruction of the cerebellar cortex: Lobule thickness, surface area measurements,
and layer architecture. Cerebellumhttps://doi.org/10.1007/s12311-022-01390-8 (2022).

Boillat, Y. et al. Surface-based characteristics of the cerebellar cortex visualized with ultra-high field MRI. Neuroimage 172, 1-8.
https://doi.org/10.1016/j.neuroimage.2018.01.016 (2018).

Liu, C.J. et al. Quantification of volumetric morphometry and optical property in the cortex of human cerebellum at micrometer
resolution. Neuroimage 244, 118627. https://doi.org/10.1016/j.neuroimage.2021.118627 (2021).

Alexander, A. L, Lee, J. E., Lazar, M. & Field, A. S. Diffusion tensor imaging of the brain. Neurotherapeutics 4, 316-329. https://
doi.org/10.1016/j.nurt.2007.05.011 (2007).

Fieremans, E., Jensen, J. H. & Helpern, J. A. White matter characterization with diffusional kurtosis imaging. Neuroimage 58,
177-188. https://doi.org/10.1016/j.neuroimage.2011.06.006 (2011).

Zhang, H., Schneider, T., Wheeler-Kingshott, C. A. & Alexander, D. C. NODDI: Practical in vivo neurite orientation dispersion
and density imaging of the human brain. Neuroimage 61, 1000-1016. https://doi.org/10.1016/j.neuroimage.2012.03.072 (2012).
Rakic, P. & Sidman, R. L. Histogenesis of cortical layers in human cerebellum, particularly the lamina dissecans. J. Comp. Neurol.
139, 473-500. https://doi.org/10.1002/cne.901390407 (1970).

Fischl, B. & Dale, A. M. Measuring the thickness of the human cerebral cortex from magnetic resonance images. Proc. Natl.
Acad. Sci. 97, 11050-11055. https://doi.org/10.1073/pnas.200033797 (2000).

Glasser, M. F. & Essen, D. C. V. Mapping human cortical areas in vivo based on myelin content as revealed by T1- and
T2-weighted MRL. J. Neurosci. 31, 11597-11616. https://doi.org/10.1523/JNEUROSCI.2180-11.2011 (2011) https://www.jneur
osci.org/content/31/32/11597 full.pdf..

Glasser, M. E, Goyal, M. S., Preuss, T. M., Raichle, M. E. & Van Essen, D. C. Trends and properties of human cerebral cortex:
Correlations with cortical myelin content. Neurolmage 93, 165-175. https://doi.org/10.1016/j.neuroimage.2013.03.060 (2014).
Guell, X., Schmahmann, J. D., Gabrieli, J. D. & Ghosh, S. S. Functional gradients of the cerebellum. eLife 7, €36652. https://doi.
org/10.7554/eLife.36652 (2018).

Guell, X. & Schmahmann, J. Cerebellar functional anatomy: A didactic summary based on human fMRI evidence. Cerebellum
19, 1-5. https://doi.org/10.1007/s12311-019-01083-9 (2020).

Schmahmann, J. D. Disorders of the cerebellum: Ataxia, dysmetria of thought, and the cerebellar cognitive affective syndrome.
J. Neuropsychiatry Clin. Neurosci. 16, 367-378. https://doi.org/10.1176/jnp.16.3.367 (2004).

Stoodley, C. J. & Schmahmann, J. D. Functional topography in the human cerebellum: A meta-analysis of neuroimaging studies.
Neuroimage 44, 489-501. https://doi.org/10.1016/j.neuroimage.2008.08.039 (2009).

Kim, E., Li, H. & Huang, X. A hierarchical image clustering cosegmentation framework. In IEEE Conference on Computer Vision
and Pattern Recognition (CVPR) 686-693 (IEEE, 2012). https://doi.org/10.1109/CVPR.2012.6247737.

Quartarone, A. et al. New insights into cortico-basal-cerebellar connectome: Clinical and physiological considerations. Brain
143, 396-406. https://doi.org/10.1093/brain/awz310 (2020).

Miall, R. C. Cerebellum: Anatomy and function. In Neuroscience in the 21st Century: From Basic to Clinical 1149-1167 (Springer,
2013). https://doi.org/10.1007/978-1-4614-1997-6_38.

Sen, S., Kawaguchi, A., Truong, Y., Lewis, M. M. & Huang, X. Dynamic changes in cerebello-thalamo-cortical motor circuitry
during progression of Parkinson's disease. Neuroscience 166, 712-719. https://doi.org/10.1016/j.neuroscience.2009.12.036 (2010).
Palesi, F. et al. Contralateral cerebello-thalamo-cortical pathways with prominent involvement of associative areas in humans
in vivo. Brain Struct. Funct. 220, 3369-3384. https://doi.org/10.1007/s00429-014-0861-2 (2015).

Patra, A., Kaur, H., Chaudhary, P, Asghar, A. & Singal, A. Morphology and morphometry of human paracentral lobule: An
anatomical study with its application in neurosurgery. Asian J. Neurosurg. 16, 349-354. https://doi.org/10.4103/ajns. AJNS_505_
20 (2021).

Chouinard, P. A. & Paus, T. The primary motor and premotor areas of the human cerebral cortex. Neuroscientist 12, 143-152.
https://doi.org/10.1177/1073858405284255 (2006).

Boisgueheneuc, . D. et al. Functions of the left superior frontal gyrus in humans: A lesion study. Brain 129, 3315-3328. https://
doi.org/10.1093/brain/awl244 (2006).

Kraljevi¢, N. et al. Behavioral, anatomical and heritable convergence of affect and cognition in superior frontal cortex. Neuroim-
age 243, 118561. https://doi.org/10.1016/j.neuroimage.2021.118561 (2021).

Wolpert, D. M., Goodbody, S. J. & Husain, M. Maintaining internal representations: The role of the human superior parietal
lobe. Nat. Neurosci. 1, 529-533. https://doi.org/10.1038/2245 (1998).

Scientific Reports |

(2024) 14:5622 |

https://doi.org/10.1038/s41598-024-55412-y nature portfolio


https://doi.org/10.1109/TMI.2020.3001175
https://doi.org/10.1007/s12311-009-0119-3
https://doi.org/10.1007/s12311-009-0119-3
https://doi.org/10.1016/j.neuroimage.2010.10.035
https://doi.org/10.1109/ACCESS.2020.2998537
https://doi.org/10.1259/bjr.20190467
https://doi.org/10.1113/jphysiol.1973.sp010123
https://doi.org/10.1113/jphysiol.1973.sp010123
https://doi.org/10.1016/j.neuroimage.2020.116534
https://doi.org/10.1016/j.neuroimage.2020.116534
https://doi.org/10.1146/annurev.cellbio.23.090506.123237
https://doi.org/10.1016/j.neuroimage.2011.09.086
https://doi.org/10.1016/j.neuroimage.2011.09.086
https://doi.org/10.1016/j.neuroimage.2016.06.002
https://doi.org/10.1002/mrm.22055
https://onlinelibrary.wiley.com/doi/pdf/10.1002/mrm.22055.
https://doi.org/10.1038/s41593-022-01136-z
https://doi.org/10.1111/j.1749-6632.2002.tb07588.x
https://doi.org/10.3389/fnhum.2014.00202
https://doi.org/10.3389/fnhum.2014.00202
https://doi.org/10.1007/s12311-022-01390-8
https://doi.org/10.1016/j.neuroimage.2018.01.016
https://doi.org/10.1016/j.neuroimage.2021.118627
https://doi.org/10.1016/j.nurt.2007.05.011
https://doi.org/10.1016/j.nurt.2007.05.011
https://doi.org/10.1016/j.neuroimage.2011.06.006
https://doi.org/10.1016/j.neuroimage.2012.03.072
https://doi.org/10.1002/cne.901390407
https://doi.org/10.1073/pnas.200033797
https://doi.org/10.1523/JNEUROSCI.2180-11.2011
https://www.jneurosci.org/content/31/32/11597.full.pdf.
https://www.jneurosci.org/content/31/32/11597.full.pdf.
https://doi.org/10.1016/j.neuroimage.2013.03.060
https://doi.org/10.7554/eLife.36652
https://doi.org/10.7554/eLife.36652
https://doi.org/10.1007/s12311-019-01083-9
https://doi.org/10.1176/jnp.16.3.367
https://doi.org/10.1016/j.neuroimage.2008.08.039
https://doi.org/10.1109/CVPR.2012.6247737
https://doi.org/10.1093/brain/awz310
https://doi.org/10.1007/978-1-4614-1997-6_38
https://doi.org/10.1016/j.neuroscience.2009.12.036
https://doi.org/10.1007/s00429-014-0861-2
https://doi.org/10.4103/ajns.AJNS_505_20
https://doi.org/10.4103/ajns.AJNS_505_20
https://doi.org/10.1177/1073858405284255
https://doi.org/10.1093/brain/awl244
https://doi.org/10.1093/brain/awl244
https://doi.org/10.1016/j.neuroimage.2021.118561
https://doi.org/10.1038/2245

www.nature.com/scientificreports/

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

83.

84.

85.

86.

87.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Koenigs, M., Barbey, A. K., Postle, B. R. & Grafman, J. Superior parietal cortex is critical for the manipulation of information
in working memory. J. Neurosci. 29, 14980-14986. https://doi.org/10.1523/J]NEUROSCI.3706-09.2009 (2009).

Corbetta, M., Shulman, G. L., Miezin, . M. & Petersen, S. E. Superior parietal cortex activation during spatial attention shifts
and visual feature conjunction. Science 270, 802-805. https://doi.org/10.1126/science.270.5237.802 (1995) https://www.scien
ce.org/doi/pdf/10.1126/science.270.5237.802..

Vandenberghe, R., Gitelman, D., Parrish, T. & Mesulam, M. Functional specificity of superior parietal mediation of spatial
shifting. Neuroimage 14, 661-673. https://doi.org/10.1006/nimg.2001.0860 (2001).

Cavanna, A. E. & Trimble, M. R. The precuneus: A review of its functional anatomy and behavioural correlates. Brain 129,
564-583. https://doi.org/10.1093/brain/awl004 (2006) https://academic.oup.com/brain/article-pdf/129/3/564/1102974/awl004.
pdf..

Lundstrom, B. N., Ingvar, M. & Petersson, K. M. The role of precuneus and left inferior frontal cortex during source memory
episodic retrieval. Neuroimage 27, 824-834. https://doi.org/10.1016/j.neuroimage.2005.05.008 (2005).

Fletcher, P. et al. The mind’s eye—precuneus activation in memory-related imagery. Neuroimage 2, 195-200. https://doi.org/10.
1006/nimg.1995.1025 (1995).

Slotnick, S. D. & Schacter, D. L. The nature of memory related activity in early visual areas. Neuropsychologia 44, 2874-2886.
https://doi.org/10.1016/j.neuropsychologia.2006.06.021 (2006).

Burianova, H., McIntosh, A. R. & Grady, C. L. A common functional brain network for autobiographical, episodic, and semantic
memory retrieval. Neuroimage 49, 865-874. https://doi.org/10.1016/j.neuroimage.2009.08.066 (2010).

Couvy-Duchesne, B. et al. Lingual gyrus surface area is associated with anxiety-depression severity in young adults: A genetic
clustering approach. Eneuro 5, 1-14. https://doi.org/10.1523/ENEURO.0153-17.2017 (2018).

Jung, J. et al. Impact of lingual gyrus volume on antidepressant response and neurocognitive functions in major depressive
disorder: A voxel-based morphometry study. J. Affect. Disord. 169, 179-187. https://doi.org/10.1016/j.jad.2014.08.018 (2014).
Mechelli, A., Humphreys, G. W,, Mayall, K., Olson, A. & Price, C. J. Differential effects of word length and visual contrast in the
fusiform and lingual gyri during. Proc. R. Soc. Lond. Ser. B Biol. Sci. 267, 1909-1913. https://doi.org/10.1098/rspb.2000.1229
(2000).

Douglas, R. J. The hippocampus and behavior. Psychol. Bull. 67, 416. https://doi.org/10.1037/h0024599 (1967).

Olton, D. S., Becker, J. T. & Handelmann, G. E. Hippocampus, space, and memory. Behav. Brain Sci. 2, 313-322. https://doi.org/
10.1017/50140525X00062713 (1979).

Bird, C. M. & Burgess, N. The hippocampus and memory: Insights from spatial processing. Nat. Rev. Neurosci. 9, 182-194.
https://doi.org/10.1038/nrn2335 (2008).

Aminoff, E. M., Kveraga, K. & Bar, M. The role of the parahippocampal cortex in cognition. Trends Cogn. Sci. 17, 379-390.
https://doi.org/10.1016/j.tics.2013.06.009 (2013).

Burwell, R. D. The parahippocampal region: Corticocortical connectivity. Ann. N. Y. Acad. Sci. 911, 25-42. https://doi.org/10.
1111/§.1749-6632.2000.tb06717.x (2000).

Grill-Spector, K., Kourtzi, Z. & Kanwisher, N. The lateral occipital complex and its role in object recognition. Vis. Res. 41,
1409-1422. https://doi.org/10.1016/S0042-6989(01)00073-6 (2001).

Klein, A., Ulmer, J., Quinet, S., Mathews, V. & Mark, L. Nonmotor functions of the cerebellum: An introduction. Am. J. Neuro-
radiol. 37, 1005-1009. https://doi.org/10.3174/ajnr.A4720 (2016).

King, M., Hernandez-Castillo, C. R., Poldrack, R. A,, Ivry, R. B. & Diedrichsen, J. Functional boundaries in the human cerebel-
lum revealed by a multi-domain task battery. Nat. Neurosci. 22, 1371-1378. https://doi.org/10.1038/s41593-019-0436-x (2019).
van der Kouwe, A. J., Benner, T., Salat, D. H. & Fischl, B. Brain morphometry with multiecho MPRAGE. Neuroimage 40, 559-569.
https://doi.org/10.1016/j.neuroimage.2007.12.025 (2008).

Lichy, M. P. et al. Magnetic resonance imaging of the body trunk using a single-slab, 3-dimensional, T2-weighted turbo-spin-
echo sequence with high sampling efficiency (SPACE) for high spatial resolution imaging: Initial clinical experiences. Invest.
Radiol. 40, 754-760. https://doi.org/10.1097/01.11i.0000185880.92346.9¢ (2005).

Keil, B. et al. A 64-channel 3T array coil for accelerated brain MRI. Magn. Reson. Med. 70, 248-258. https://doi.org/10.1002/
mrm.24427 (2013).

Wang, E et al. Motion-robust sub-millimeter isotropic diffusion imaging through motion corrected generalized slice dithered
enhanced resolution (MC-gSlider) acquisition. Magn. Reson. Med. 80, 1891-1906. https://doi.org/10.1002/mrm.27196 (2018).
Veraart, J. et al. Denoising of diffusion MRI using random matrix theory. Neuroimage 142, 394-406 (2016).

Vos, S. B. et al. The importance of correcting for signal drift in diffusion MRI. Magn. Reson. Med. 77, 285-299 (2017).
Jenkinson, M., Beckmann, C. E, Behrens, T. E., Woolrich, M. W. & Smith, S. M. FSL. Neurolmage 62, 782-790. https://doi.org/
10.1016/j.neuroimage.2011.09.015 (2012).

Tournier, J.-D. et al. MRtrix3: A fast, flexible and open software framework for medical image processing and visualisation.
Neuroimage 202, 116137. https://doi.org/10.1016/j.neuroimage.2019.116137 (2019).

Tax, C. M., Bastiani, M., Veraart, J., Garyfallidis, E. & Irfanoglu, M. O. What’s new and what’s next in diffusion MRI preprocess-
ing. Neuroimage 249, 118830 (2022).

Yushkevich, P. A. et al. User-guided 3D active contour segmentation of anatomical structures: Significantly improved efficiency
and reliability. Neuroimage 31, 1116-1128. https://doi.org/10.1016/j.neuroimage.2006.01.015 (2006).

Fischl, B. FreeSurfer. Neurolmage 62, 774-781. https://doi.org/10.1016/j.neuroimage.2012.01.021 (2012).

Huynh, K. M. et al. Characterizing intra-soma diffusion with spherical mean spectrum imaging. In Medical Image Computing
and Computer-Assisted Intervention (MICCAI) 354-363 (Springer, 2020). https://doi.org/10.1007/978-3-030-59728-3_35.
Huynh, K. M., Wu, Y., Ahmad, S. & Yap, P.-T. Microstructure fingerprinting for heterogeneously oriented tissue microenviron-
ments. In Medical Image Computing and Computer-Assisted Intervention (MICCAI) 131-141 (Springer, 2023).

Wu, Y., Hong, Y., Ahmad, S. & Yap, P-T. Active cortex tractography. In Medical Image Computing and Computer-Assisted Inter-
vention (MICCAI) 467-476 (Springer International Publishing, 2021). https://doi.org/10.1007/978-3-030-87234-2_44.

Wu, Y., Hong, Y., Feng, Y., Shen, D. & Yap, P.-T. Mitigating gyral bias in cortical tractography via asymmetric fiber orientation
distributions. Med. Image Anal. 59, 101543 https://doi.org/10.1016/j.media.2019.101543 (2020).

Wu, Y. et al. Tract dictionary learning for fast and robust recognition of fiber bundles. In Medical Image Computing and Computer-
Assisted Intervention (MICCAI) 251-259 (Springer, 2020). https://doi.org/10.1007/978-3-030-59728-3_25.

Wu, Y., Ahmad, S. & Yap, P-T. Highly reproducible whole brain parcellation in individuals via voxel annotation with fiber clusters.
In Medical Image Computing and Computer-Assisted Intervention (MICCAI) 477-486 (Springer, 2021). https://doi.org/10.1007/
978-3-030-87234-2_45.

Ren, Y., Guo, L. & Guo, C. C. A connectivity-based parcellation improved functional representation of the human cerebellum.
Sci. Rep. 9, 9115. https://doi.org/10.1038/s41598-019-45670-6 (2019).

Bogovic, J. A. et al. Approaching expert results using a hierarchical cerebellum parcellation protocol for multiple inexpert human
raters. Neuroimage 64, 616-629. https://doi.org/10.1016/j.neuroimage.2012.08.075 (2013).

Jones, D. K. Challenges and limitations of quantifying brain connectivity in vivo with diffusion MRI. Irmaging Med. 2, 341. https://
doi.org/10.2217/1IM.10.21 (2010).

Oldham, S. et al. The efficacy of different preprocessing steps in reducing motion-related confounds in diffusion MRI connec-
tomics. Neuroimage 222, 117252. https://doi.org/10.1016/j.neuroimage.2020.117252 (2020).

Scientific Reports |

(2024) 14:5622 |

https://doi.org/10.1038/s41598-024-55412-y nature portfolio


https://doi.org/10.1523/JNEUROSCI.3706-09.2009
https://doi.org/10.1126/science.270.5237.802
https://www.science.org/doi/pdf/10.1126/science.270.5237.802.
https://www.science.org/doi/pdf/10.1126/science.270.5237.802.
https://doi.org/10.1006/nimg.2001.0860
https://doi.org/10.1093/brain/awl004
https://academic.oup.com/brain/article-pdf/129/3/564/1102974/awl004.pdf.
https://academic.oup.com/brain/article-pdf/129/3/564/1102974/awl004.pdf.
https://doi.org/10.1016/j.neuroimage.2005.05.008
https://doi.org/10.1006/nimg.1995.1025
https://doi.org/10.1006/nimg.1995.1025
https://doi.org/10.1016/j.neuropsychologia.2006.06.021
https://doi.org/10.1016/j.neuroimage.2009.08.066
https://doi.org/10.1523/ENEURO.0153-17.2017
https://doi.org/10.1016/j.jad.2014.08.018
https://doi.org/10.1098/rspb.2000.1229
https://doi.org/10.1037/h0024599
https://doi.org/10.1017/S0140525X00062713
https://doi.org/10.1017/S0140525X00062713
https://doi.org/10.1038/nrn2335
https://doi.org/10.1016/j.tics.2013.06.009
https://doi.org/10.1111/j.1749-6632.2000.tb06717.x
https://doi.org/10.1111/j.1749-6632.2000.tb06717.x
https://doi.org/10.1016/S0042-6989(01)00073-6
https://doi.org/10.3174/ajnr.A4720
https://doi.org/10.1038/s41593-019-0436-x
https://doi.org/10.1016/j.neuroimage.2007.12.025
https://doi.org/10.1097/01.rli.0000185880.92346.9e
https://doi.org/10.1002/mrm.24427
https://doi.org/10.1002/mrm.24427
https://doi.org/10.1002/mrm.27196
https://doi.org/10.1016/j.neuroimage.2011.09.015
https://doi.org/10.1016/j.neuroimage.2011.09.015
https://doi.org/10.1016/j.neuroimage.2019.116137
https://doi.org/10.1016/j.neuroimage.2006.01.015
https://doi.org/10.1016/j.neuroimage.2012.01.021
https://doi.org/10.1007/978-3-030-59728-3_35
https://doi.org/10.1007/978-3-030-87234-2_44
https://doi.org/10.1016/j.media.2019.101543
https://doi.org/10.1007/978-3-030-59728-3_25
https://doi.org/10.1007/978-3-030-87234-2_45
https://doi.org/10.1007/978-3-030-87234-2_45
https://doi.org/10.1038/s41598-019-45670-6
https://doi.org/10.1016/j.neuroimage.2012.08.075
https://doi.org/10.2217/IIM.10.21
https://doi.org/10.2217/IIM.10.21
https://doi.org/10.1016/j.neuroimage.2020.117252

www.nature.com/scientificreports/

98. Huynh, K. M. et al. Probing brain micro-architecture by orientation distribution invariant identification of diffusion compart-
ments. In Medical Image Computing and Computer-Assisted Intervention (MICCAI) 547-555 (Springer, 2019). https://doi.org/
10.1007/978-3-030-32248-9_61.

99. Baker, S. T. et al. Developmental changes in brain network hub connectivity in late adolescence. J. Neurosci. 35, 9078-9087.
https://doi.org/10.1523/J]NEUROSCI.5043-14.2015 (2015).

100. Baum, G. L. et al. Modular segregation of structural brain networks supports the development of executive function in youth.
Curr. Biol. 27, 1561-1572. https://doi.org/10.1016/j.cub.2017.04.051 (2017).

101. Van Den Heuvel, M. P. & Sporns, O. Rich-club organization of the human connectome. J. Neurosci. 31, 15775-15786. https://
doi.org/10.1523/]NEUROSCI.3539-11.2011 (2011).

102. Beaulieu, C. The basis of anisotropic water diffusion in the nervous system—a technical review. NMR Biomed. 15, 435-455.
https://doi.org/10.1002/nbm.782 (2002).

103. Jones, D. K., Knosche, T. R. & Turner, R. White matter integrity, fiber count, and other fallacies: The do’s and don'ts of diffusion
MRI. Neuroimage 73, 239-254. https://doi.org/10.1016/j.neuroimage.2012.06.081 (2013).

104. Wickham, H., Frangois, R., Henry, L., Miiller, K. & Vaughan, D. dplyr: A grammar of data manipulation (2023). R package ver-
sion 1.1.0.

105. R Core Team. R: A Language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria
(2022).

106. Wickham, H. ggplot2: Elegant Graphics for Data Analysis (Springer-Verlag, 2016).

107. Kolde, R. pheatmap: Pretty heatmaps (2019). R package version 1.0.12.

Acknowledgements
This work was supported in part by the United States National Institutes of Health (NIH) under grants MH125479
and EB008374.

Author contributions

W.L., formal analysis, visualization, methodology, writing—original draft; Y.W., formal analysis, visualization,
methodology, writing—review and editing; K.M.H., formal analysis, visualization, methodology, writing—review
and editing; S.A.,formal analysis, visualization, methodology, writing—review and editing; P.Y., conceptualiza-
tion, supervision, funding acquisition, writing—review and editing.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to P.-T.Y.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:5622 | https://doi.org/10.1038/s41598-024-55412-y nature portfolio


https://doi.org/10.1007/978-3-030-32248-9_61
https://doi.org/10.1007/978-3-030-32248-9_61
https://doi.org/10.1523/JNEUROSCI.5043-14.2015
https://doi.org/10.1016/j.cub.2017.04.051
https://doi.org/10.1523/JNEUROSCI.3539-11.2011
https://doi.org/10.1523/JNEUROSCI.3539-11.2011
https://doi.org/10.1002/nbm.782
https://doi.org/10.1016/j.neuroimage.2012.06.081
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A multimodal submillimeter MRI atlas of the human cerebellum
	Results
	The anatomical atlas delineates regional cerebellar gray matter and white matter
	The surface atlas captures complex folding patterns
	The microstructure atlas maps spatial cellular distribution
	The tract atlas reflects connectivity within the cerebellum and with the cerebrum

	Discussion
	Conclusion
	Methods
	Dataset and preprocessing
	Surface construction
	Spherical mean spectrum imaging
	Cerebellar parcellation
	Connectome construction
	Statistical analysis and visualization

	References
	Acknowledgements


