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ABSTRACT

In the past decade, there has been major interest in understanding the role of transcriptomics in the functional and
anatomical layout of the human brain. To date, almost all of the work linking transcriptomics to human brain function
and structure has been restricted to the cerebral cortex. The culmination of this work has identified transcriptomics
as an important shared principle that can tie together function, structure, and gene expression. However, largely miss-
ing from this work is the subcortex—namely the cerebellum. Here, we investigate whether transcriptomics offer a link
between function and structure in the human cerebellum, using gene expression data from post-mortem cerebella
and multi-modal brain atlases. We find that transcriptomic gradients from a sparse subset of genes align with a mac-
roanatomical, rather than a functional - parcellation of the cerebellum, and the transition of the main gradient occurs
at the horizontal fissure for the group, as well as individual cerebella. Conversely, when filtering for cortex-specific
genes, there is an alignment with continuous functional gradients of the cerebellum, but not discrete parcellated
areas.
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1. INTRODUCTION the formation of functional hierarchies and gradients
across the human cerebral cortex (HCC), as well as the
layout of functional maps within cortical areas
(Arnatkevicitte et al., 2019; Burt et al., 2018; Gomez et al.,
2018, 2021; Hawrylycz et al., 2012; Miller et al., 2014) and
the cytoarchitectonic arealization of the HCC (L. King &
Weiner, 2024).

In parallel, there has been increased interest in under-

Understanding how gene expression contributes to brain
organization across spatial scales, and examining how
these relationships contribute to cortical networks, cogni-
tion, and behavior (ArnatkeviCiuté et al., 2023;

Fulcher, Oldham, et al., 2021; Deco et al., 2021; Shine

et al., 2022) is a major topic in neuroscience. Previous

& Bellgrove, 2021; ArnatkevicCiute, Fulcher, Oldham, et al.,
2021; Deco et al., 2021; Shine et al., 2022) revealed that
small groups of actively transcribed genes contribute to

standing the transcriptomic landscape of the human cer-
ebellum. The cerebellum has a distinct molecular
signature as revealed in a genome-wide analysis of the
human brain (Sjostedt et al., 2020). Transcriptomics have
proven valuable in examining the genetic architecture of
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the human cerebellum during early development (Aldinger
et al., 2021; Haldipur et al., 2019, 2022), complemented
by in vivo human neuroimaging to delineate the micro-
structural properties of the developing cerebellum (Liu
et al.,, 2022). These methods have yielded significant
advances in our understanding of structural changes
within the human cerebellum and provide valuable
benchmarks for future research on atypical cerebellar
development.

The human cerebellum’s anatomical organization is
well established (Ashida et al., 2018; Cerminara et al.,
2015; Larsell, 1947), and recent functional magnetic res-
onance imaging (fMRI) work has advanced our under-
standing of the cerebellum’s functional layout (Guell
et al., 2018; M. King et al., 2019; Stoodley et al., 2012).
However, the role of transcriptomics in bridging the cellu-
lar and macro-level layout of the whole human cerebel-
lum remains unclear. Here, we aim to bridge this gap by
utilizing open-source gene expression data from the Allen
et al., 2012; Miller et al., 2014) and human brain atlases
acquired using either resting-state (Buckner et al., 2011;
Yeo et al.,, 2011) or multi-modal task-based (M. King
et al., 2019) fMRI data. In particular, we examined the
relationship between transcriptomic gradients and ana-
tomical and functional regions of the human cerebellum.
To do so, we employed hierarchical clustering and classi-
fication algorithms to analyze gene expression patterns
across six post-mortem human cerebella. Subsequently,
we assessed whether these patterns aligned better with
the human cerebellum’s anatomical or functional organi-
zation. Our findings revealed that transcriptomic gradi-
ents do not correspond to divisions based on discrete
functional boundaries, as defined by fMRI. Instead, these
gradients align with anatomical landmarks, namely lob-
ules and fissures, of the human cerebellar cortex. At both
the group and individual levels, we identified two distinct
clusters along an anterior-to-posterior axis, dividing Crus
| and Crus |l at the horizontal fissure. However, when
employing cortex-specific genes (Burt et al.,, 2018;
Fagerberg et al., 2014; Genovese et al.,, 2016), we
observed an alignment with functional gradients rather
than discrete functional boundaries of the cerebellum.

2. METHODS

2.1. Experimental model and subject details

Cortical and cerebellar gene samples were obtained from
six postmortem human donors via the Allen Human Brain
Atlas. Details about the donors and cause of death can
be found at the following link: http://human.brain-map
.org. To summarize, the donors were:

- Male, 39 years, African American
- Male, 24 years, African American
- Male, 55 years, Caucasian
- Female, 49 years, Hispanic
- Male, 31 years, Caucasian
- Male, 57 years, Caucasian

2.2. Method details

2.2.1. Datasets

All of the data that are analyzed in this paper were
obtained from freely available datasets that were
approved by the ethics committee of each institution.

1) AHBA: http://brain-map.org/

2) Cerebellar atlases: www.diedrichsenlab.org

3) Cortical atlases: https://surfer.nmr.mgh.harvard
.edu/

2.2.2. Gene expression preprocessing

The gene expression data were obtained from the Allen
Human Brain Atlas (AHBA).

DNA microarray analyses were used to map gene
expression from broadly sampled tissue from six post-
mortem human brains (Hawrylycz et al., 2012). There was
significant variation in the sampling of the brain from the
cerebellum. Samples were normalized to ensure within-
and between-brain comparisons. Each sample was
indexed by voxel coordinates (x, y, z) in MNI-152 space
(see Fig. 1B). For each tissue sample, expression magni-
tude for 29,131 genes was recorded, and 93% of these
genes were sampled by at least two probes. For more
details regarding acquisition and normalization of the
microarray data, please refer to: http://help.brain-map
.org/display/humanbrain/documentation/.

Normalized microarray datasets were downloaded from
http://brain-map.org/, and the data were preprocessed
using techniques outlined by Arnatkevicitté et al. (2019),
et al., 2019; Markello et al., 2021). Four steps were taken in
the preprocessing pipeline: Re-annotating probes, select-
ing probes, matching tissue samples to each ROI, and
normalization of expression data.

1. Re-annotating probes: Probes were re-annotated
(2019). Probes that were not reliably matched to
genes were discarded.

2. Selecting probes: Probes were selected on the
basis of meeting two primary criteria. First, intensity-
based filtering was applied to discard probes that
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Fig. 1.
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Relating transcriptomics and functional parcellations of the human cerebellum. (A) Ten functional networks
(different colors) in the human cerebellum, derived from task-based fMRI data (M. King et al., 2019). Left: Flatmap
representation of the networks (1-10). Right: Volume representation of horizontal (top), sagittal (bottom, left), and coronal
(bottom, right) views. The flatmap is for visualization purposes only (Diedrichsen & Zotow, 2015); all analyses and statistics
were conducted in the volume (Diedrichsen, 2006; Diedrichsen et al., 2009) (B) Individual donor samples are plotted in MNI
coordinates and visualized on the flatmap. Each circle represents a sample, and each color denotes a donor. (C) Average
sample counts across donors as a function of the 10 networks (R01-R10). No tissue samples overlapped with R09. (D)
Histogram of gene stability. Gene selection was performed with a two-pronged, data-driven approach (section 2), which
resulted in the selection of the top 1% (157) of genes, shown here as the area beyond the dashed red line.

did not exceed a specified level of background
noise. The level (0.5) was set as the ratio of sam-
ples, across all donors, for which a probe had a sig-
nal above background noise. Second, as each gene
was often sampled by multiple probes, a represen-
tative probe was selected. The representative probe
was chosen by computing the Spearman correla-
tion of microarray expression values for each probe
across parcels for every donor-pair. Correlations
were then averaged, and the probe with the highest
correlation was retained. 15,662 genes remained
after probe filtering and selection.

Matching tissue samples to regions of interest
(ROI): Tissue samples were matched to regions of
interest from a specified atlas (see Atlas Tem-
plates). This was done separately for each donor.
A number of steps were taken to ensure that the
sample was assigned to the correct ROIl. When a
sample fell directly within an ROlI, it was assigned
to that ROI and the matching process was termi-
nated. When a sample did not fall directly within an
ROI (i.e., was located on the boundary between
two ROIls), the search space was expanded up to
2 mm to include nearby voxels. If the sample was
located on the border of multiple ROls, it was
assigned to the closest ROI as determined by the
distance between the sample and the ROI cen-
troids. While this approach may result in some

ROlIs not having any assigned samples, it is a more
exact method for assignment compared to one
that forces each region to be assigned at least one
sample. Once samples were assigned to an ROI,
expression values for these samples were aggre-
gated separately for each donor, resulting in an
ROI x gene matrix for each donor.

4. Normalization of expression data: The expression
data acquired from AHBA were normalized to
account for expression-level differences across
donors that might result from “batch effects™.
Despite this normalization, differences still remained
in the data acquired from AHBA. To mitigate these
differences, microarray expression data were nor-
malized in two ways: 1) Each sample was normal-
ized (z-scored) across all genes, and 2) each gene
was normalized (z-scored) across all samples.

2.2.3. Gene selection

Gene selection was performed using a two-pronged
approach. First, the top 1% of genes that were most sta-
ble from the 10-network task-based functional parcella-
tion were selected (Fig. 1A, D). The stability of gene
expression was determined by computing split-half cor-
relations across a split of the data (Group 1: Donors
9861, 10,021, and 12,876; Group 2: Donors 14,380,
15,496, and 15,697). Genes outside the 99" percentile of
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split-half correlations were discarded, resulting in a total
of 157 genes. This thresholding approach minimizes
false positives that might result from multiple compari-
sons (Gomez et al., 2019; L. King & Weiner, 2024). Sec-
ond, to determine the optimal number of genes necessary
to explain the variance across genetic expression pat-
terns, a linear model was fit and validated on 80% of all
donor samples (n = 256). The set of features that resulted
in the lowest cross-validated error were considered the
optimal feature set. A linear model was then fit using this
feature set and evaluated on the held-out test set
(n = 64). This analysis was done separately for each
donor, grouped across fROIs and IROlIs (lobular ROIs).
The optimal number of features (i.e., genes), determined
by the lowest cross-validated error, was 32 and 40 genes
for the fROIs (test RMSE = 4.79, train RMSE = 4.69,
KFold validation error = 5.28) and IROIs (test
RMSE = 2.39, train RMSE = 1.73, KFold validation
error = 1.92), respectively.

2.2.4. Atlas templates

To test for a relationship between transcriptomic expres-
sion and the functional parcellation of the human cere-
bellum, we employed two parcellation schemes that have
yielded comprehensive maps of the cerebellum in terms
of functional regions of interest (fROIs). The first scheme
is based on a task-based parcellation of the human cere-
bellar cortex (M. King et al., 2019). Relative to the hori-
zontal fissure, each of the 10 functional regions in this
map had an anterior and posterior segment, allowing us
to create 20 unique regions. The rationale for this modifi-
cation was to test whether functionally connected sub-
regions (anterior and posterior portions of the same
network) shared similar profiles of gene expression,
despite being anatomically distinct.

The second scheme is based on resting-state fMRI
data, with the cerebral cortex and cerebellum parcellated
into either 7 corresponding networks or 17 correspond-
ing networks (Buckner et al., 2011; Yeo et al., 2011). Here,
too, we asked if functionally linked areas that are ana-
tomically distinct have similar gene expression profiles. In
this case, the anatomical separation is between the cor-
tex and cerebellum.

To test for a relationship between transcriptomic
expression and the lobular parcellation of the human cer-
ebellum, gene samples were assigned to lobules (IROIs)
based on a probabilistic atlas—the spatially unbiased
infratentorial atlas (SUIT) (Diedrichsen, 2006; Diedrichsen
et al., 2009).

In order to perform group analyses in a common refer-
ence space, the fROIs and IROIs were resampled into
MNI coordinates.

2.2.5. Extracting gene expression patterns

Gene expression patterns were examined relative to the
three parcellations of the human cerebellum (task-based
fROls, resting-state fROIs, lobular IROIs) to test for func-
tional- and/or anatomical-transcriptomic relationships.
For these analyses, the same set of 157 genes was used.
Samples were not obtained from four of the smallest
fROIs (Fig. S1). See Figure 1B for full coverage of the
samples across the cerebellar cortex. To conduct group
analyses, samples from each atlas were averaged across
subjects, resulting in a gene x ROI matrix for each atlas.

2.2.6. Gene-set filtering

The top 157 genes, keeping with the same N from the orig-
inal gene set, were selected from the ‘cortex-specific’
gene set (n = 2,413) reported by Burt and colleagues (Burt
et al., 2018) using data from Genovese et al. (2016) and
Fagberg et al. (2014). This approach in AHBA has been
established previously (Burt et al., 2018) and more recently
used by our group relating transcriptomic variation to
cytoarchitectonic boundaries (L. King & Weiner, 2024). This
filtering approach is set to improve the sensitivity of the
genes selected by eliminating noise from other non-
cortical genes, such as sex- or cardiac-related genes. It is
important to note that this gene set was derived from only
cortical tissue and did not include any tissue from subcor-
tical structures or the cerebellum. Thus, while the genes
are ‘cortex-specific’, it is likely that many of these genes
are also prominent in subcortical structures and the cere-
bellum as the present study highlights.

2.3. Quantification and statistical analysis
2.3.1. Agglomerative hierarchical clustering

Gene expression patterns were input to an agglomerative
hierarchical clustering algorithm for the modified task-
based parcellation and lobular-based anatomical parcel-
lation. Euclidean distances and the Ward method were
used to cluster the data. The ordering of the fROIs and
IROls along the x- axis in the dendrogram is meaningful
as the leaves are rooted and the clusters are not rotat-
able. To evaluate the significance of the dendrogram
results for both of these atlases, we performed a boot-
strap analysis with 10,000 iterations. On each bootstrap
iteration, we randomly shuffled the gene expression pro-
files for each fROI and each IROI before submitting the
profiles to hierarchical clustering. The Euclidean distance
from the resulting ordered vector was then compared to
the true ordered vector. The p-value was defined as the
probability of observing a Euclidean distance of zero from
the resulting 10,000 bootstrap samples.
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2.3.2. Representational structure

In order to examine the underlying structure of expres-
sion magnitude, gene expression patterns were orga-
nized and visualized in a raster plot in which each row
corresponds to a gene and each column to a region-of-
interest. The gene expression patterns were input to an
agglomerative hierarchical clustering algorithm to deter-
mine the similarity in expression magnitude across genes.
The procedure was the same as described in previous
work (Gomez et al., 2019; L. King & Weiner, 2024), except
that the leaves were gene samples, not regions-of-
interest. The rows of the raster plot were reordered to
align with the ordering of genes as determined by the
dendrogram. We also visualized the representational
structure with correlational matrices for each of the par-
cellations. Distance-dependent correlations  were
removed from the correlation matrices by regressing out
the Euclidean distance between regions.

2.3.3. Dimensionality reduction

Singular value decomposition was used to determine the
most important components underlying gene expression
patterns for both the functional and lobular atlases. This
approach summarizes high-dimensional gene expression
patterns along fewer dimensions, which allows for a visual-
ization of additional sources of variance beyond the most
dominant component. As seen in the visualization shown in
Figure 3E, dimensionality reduction identifies a transcrip-
tomic gradient, with a boundary at the horizontal fissure.

2.3.4. Classification

To determine how well donor samples could be classified
to functional and lobular regions, a logistic regression
model was applied to the data. For the modified task-
based parcellation, a binary classification approach was
adopted to determine the classification of each of the
337 samples as being above or below the horizontal fis-
sure, allowing a comparison with the true label for that
sample based on its assignment in the modified task-
based atlas. The logistic regression model was fit and
validated on 80% of the samples and then evaluated on
the remaining 20%. The accuracy scores were deter-
mined as the percentage of the prediction labels that
were correctly assigned to the true labels and these
scores were visualized in a confusion matrix (Fig. S2A).
The F1 score was calculated by computing the harmonic
mean of the precision and recall with a score of 1, indicat-
ing perfect precision and recall.

For the anatomical parcellation, a multi-class approach
was adopted to evaluate classification of donor samples

to lobules. In this approach, a binary problem was applied
to multiple labels. The true label of each sample was
given by its assignment to 1 of the 10 cerebellar lobules
(I-X). A logistic regression model was fit and validated on
80% of the samples and evaluated on the remaining
20%. L2 regularization was applied to the model to pre-
vent overfitting by penalizing large coefficients, improving
the model’s generalization performance. The L-BFGS
optimization algorithm was used to efficiently find the
optimal model parameters that minimize the loss function
while considering the regularization penalty. Otherwise,
all default parameters were used. The accuracy scores
were determined by computing the percentage of predic-
tion labels that were correctly assigned to the true labels
and these scores were visualized in a confusion matrix
(Fig. S2B). A micro F1 score was calculated across all
classes by counting the total true positives, false nega-
tives, and false positives.

3. RESULTS

3.1. Transcriptomic gradients do not align with a
functional organization of the human cerebellum

To test whether transcriptomic gradients align with func-
tional parcellations of the human cerebellum, we com-
bined two open-source datasets: 1) gene expression
data from the Allen Human Brain Atlas (AHBA) and 2) a
functional parcellation of the cerebellum based on multi-
modal task-based MDTB atlas (M. King et al., 2019) fMRI
data. The MDTB atlas subdivides the cerebellum into 10
distinct networks (Fig. 1A), and each of these networks is
spread across multiple lobular boundaries of the cerebel-
lum. The functional networks can be separated into ante-
rior and posterior functional regions of interest (fROls;
Fig. 2A), allowing us to ask the following question: Is
gene expression more strongly associated with the ana-
tomical or functional layout of the human cerebellum? If
the former were true, clustering algorithms based on
gene expression should situate anatomically proximal
regions close to one another. Alternatively, these algo-
rithms would situate functionally similar regions close to
one another if the latter were true.

Cerebellar fROIs and gene samples were aligned to the
MNI152 average brain, and gene samples were assigned
to fROIs based on MNI coordinates (section 2). A twofold
procedure was used to select genes from each fROI of the
10-network MDTB atlas. First, expression magnitude of
the gene samples was correlated across two groups of
donors, and the number of samples across both groups of
donors was balanced. Second, to focus on genes that
were the most reliably expressed across all 6 donors, we
identified the top 1% of the most stable genes (Fig. 1D).
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| parcellation of the human cerebellum. (A) Each of the
nctional regions of interest (fROIs) in which each network
ther darker or lighter shades. (B) Dendrogram reveals an

algorithmic clustering of the fROls in terms of transcriptomic gradients: At the highest level, regions are broadly clustered into

regions that are either located above (red) or below (blue) the h

orizontal fissure. (C) Correlation matrix of gene expression for

fROls of the cerebellum. Distance-dependent correlations were removed by regressing out the Euclidean distance between

fROIs as implemented in previous studies (Gomez et al., 2019,

2021). (D, E) Correlation matrix of gene expression for fROIs

of cortico-cerebellar networks using (D) a 7-network (see Fig. S1A) or (E) 17-network (see Fig. S1D) parcellation defined using

resting-state fMRI. Red colors denote higher correlations, and

green colors indicate lower correlations. As in C), distance-

dependent correlations were removed by regressing out the Euclidean distance between fROIs. Black square in (E) denotes
sensorimotor networks, and the dashed square denotes association networks from the Yeo 17-network parcellation.

Note that we also replicated our results with the top 5, 10,
and 25% of stable genes (see Fig. S8). This procedure
results in a gene (n = 157) by fROI (n = 20) matrix which
was submitted to an agglomerative hierarchical clustering
algorithm. Following previous methods in the cerebral cor-
tex (Gomez et al., 2019), the fROIs were ordered according
to the Euclidean distance of their expression profile from
RO1-A, the most anterior cerebellar fROI. Consequently,
the dendrogram becomes “rooted” such that clusters at
the lowest level cannot be rotated and the x-axis ordering
in the resulting dendrogram meaningfully reflects inter-
regional distances from R01-A.

At the highest level, the dendrogram clustered the
fROIs along a major anatomical division within the cere-
bellum: The first cluster grouped regions above the hori-
zontal fissure (anterior portions), while the second cluster
grouped regions below the horizontal fissure (posterior
portions). The exception to this separation of anterior and
posterior ROIs occurred for RO3P, RO1P, and RO8P, which
are spatially contiguous regions that are more likely to
belong to the same anatomical lobule, and thereby share
the same profile of genetic expression (Fig. 2B).

To further quantify the clustering into anterior and
posterior divisions, sample locations were classified
using a binary logistic regression model. The likelihood
of each sample being assigned to its true label (either
anterior or posterior networks) was assessed by training
the model on 80% of the samples and then testing the
predictions on 20% of held out samples. Classification
accuracy was 87% and 83% for samples located above
the horizontal fissure and below the horizontal fissure,
respectively (Fig. S2A). The F1 score, which computes a
harmonic mean between precision and recall was.78. To
test if our findings were specific to the anterior- poste-
rior organization of the cerebellum, we repeated the
analyses (using the same 157 genes) with both cortical
and cerebellar fROIs from recent 7-network and
17-network resting-state atlases (Buckner et al., 2011).
The correlation matrix of gene expression patterns
across cortico-cerebellar fROIs revealed two distinct
clusters (Fig. 2E): One cluster of non-zero (e.g., red or
green shades) correlations among networks in the cere-
bral cortex and another cluster of non-zero correlations
among networks in the cerebellum. The averages of all
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pairwise correlations for intracortical and intracerebellar
networks were 0.35 and 0.34, respectively (Fig. S3B).
Conversely, the average of all correlations between cor-
responding networks of the cerebral cortex and cerebel-
lum was 0.17. Therefore, we conclude that the same
genes that contribute to the anterior-posterior organiza-
tion of the cerebellum also contribute to a clear tran-
scriptomic dissociation between cerebral and cerebellar
networks. Similarly, we observe that these genes also
contribute to a differentiation of primary (networks 1-4)
and association (networks 7-10) cortical networks
(Fig. 2E). We found that the average pairwise correla-
tions within primary networks (1-4, mean Pearson’s
r = 0.38) and association networks (7-10, and r = 0.44)
were positively correlated, while the primary and associ-
ation networks were negatively correlated (mean Pear-
son’s r = -0.42) (Fig. S3C). These results suggest that
the gene expression patterns underlying primary and
association networks in the cerebral cortex are differen-
tiated from one another, likely reflecting the differences
in anatomy and/or functionality.

Specifically, while previous research supports a tran-
scriptomic dissociation between cerebral and cerebellar
cortices (Hawrylycz et al., 2012; Sjostedt et al., 2020),
here we show that a sparse set of genes parcellates i) the
human cerebellum, ii) cerebral from cerebellar cortices,
and iii) primary from association cortical networks.

3.2. Distinct transcriptomic gradients contribute to
an anatomical division of the human cerebellar
cortex occurring at the horizontal fissure

To further evaluate the relationship between genetic
expression and the anatomical organization of the
human cerebellum, we compared gene expression pro-
files using a lobular- based parcellation. Lobular ROls
(IROIs) were defined by the SUIT atlas, a spatially unbi-
ased infratentorial template for the cerebellum
(Diedrichsen, 2006; Diedrichsen et al., 2009). This atlas
preserves the lobular nomenclature originally devised
by Larsell (1947), spanning lobules I-IV in the anterior
lobe, lobules V-IX in the posterior lobe, and lobule X in
the flocculonodular lobe (Fig. S4). The same subset of
genes extracted from the 10-region MDTB functional
parcellation was used.

Mirroring the previous analyses implemented for the
fROIs, we used an agglomerative hierarchical clustering
algorithm to cluster the gene expression patterns of the
IROls (see section 2 for details). The gene clusters are
strikingly organized into three distinct gradients (Fig. 3A).
The first gradient consists of genes that are highly
expressed in lobules anterior to the horizontal fissure

(lobule I-Crus 1) and weakly expressed in lobules poste-
rior to the horizontal fissure (Crus Il - lobule X). The other
two gradients are roughly mirror reflections of each other.
One consists of a set of genes that are highly expressed
in lobules V-VIlIb and weakly expressed in lobules I-1V, IX,
and X; the other consists of a set of genes that are highly
expressed in lobules I-IV, IX, and X and weakly expressed
in lobules V-VIlib.

To further evaluate the relationship between lobular
organization and transcriptomics, we computed a correla-
tion matrix of the gene expression patterns between the
IROls. The matrix highlights how the clusters are situated
along the anterior-to-posterior axis (Fig. 3B). A rooted-leaf
dendrogram (as implemented in Fig. 2B) generated from
the correlation matrix splits the lobules into two clusters at
the highest level (Fig. 3C; cluster 1: lobules I-1V, V, VI, Crus
I; cluster 2: Crus Il, lobules Vb, Vllla, and Vllib, IX and X).
After the first split, cluster 2 is further clustered into two
sets, one consisting of lobules IX and X, and Crus Il, and
the other lobules Vllb no, Vlla, and Vllib. To evaluate the
probability of reproducing this particular clustering by
chance, a bootstrap approach was implemented
(n = 10,000, see section 2), shuffling the gene expression
profile within each IROI on each bootstrap. The results of
the bootstrap approach demonstrate that the ability of the
top genes to correctly order the IROls is highly significant
(p < .00001). The gene expression patterns in the IROls
were submitted to a principal component analysis. Con-
sistent with the previous results, the first component cap-
tured the split at the horizontal fissure in which regions
above the horizontal fissure have a positive loading score
and regions below have a negative loading score (Fig. 3D).
This component accounted for 40% of the overall vari-
ance. The second component (not featured at the group
level) explained an additional 37%. These results were
confirmed at the individual donor level. The split at the hor-
izontal fissure is captured in all six donors in either the first
or the second component (Fig. S5). Clustering was also
performed at the single-sample level to remove any spatial
bias that may emerge as a result of parcellating the data.
At the highest level, samples were grouped into 1 of 3
clusters with one cluster highlighting a boundary at the
horizontal fissure (shown in green in Fig. S6). The genetic
organization of the human cerebellum along the anterior-
to-posterior axis is consistent with a similar differentiation
observed in the animal literature (Fig. 3E). One difference
of note is that our genetic analyses reveal a sharp bound-
ary in transcriptomic patterns across the horizontal fissure
(Fig. 3F), while the boundary traversing Purkinje cell pro-
duction (light checkered to heavy checkered patterns)
occurs at the primary fissure (pri in Fig. 3E) in the adult rat
cerebellum (Altman & Bayer, 1985).
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Fig. 3. Distinct genetic gradients contribute to an anatomical division of the human cerebellar cortex. (A) Gene
expression patterns are clustered into three gradients. Left column: An agglomerative hierarchical clustering algorithm was
used to cluster the gene expression patterns. At the highest level, the genes predominantly cluster into three groups. Right
column: Raster plot in which each column is a lobular region-of-interest (IROI) arranged according to its position along the
anterior-to-posterior axis of lobular organization (R01-I-1V is on the left) and each row is a gene. The rows correspond with
the dendrogram ordering such that each row of the matrix corresponds with each leaf of the dendrogram. Red indicates
higher expression levels, while green indicates lower expression levels with expression levels normalized across all gene
samples. The vertical dashed line denotes the boundary of the horizontal fissure. (B) Correlation matrix of gene expression
for IROIs of the cerebellum. The horizontal dashed line denotes the boundary of the horizontal fissure. Distance-dependent
correlations were removed by regressing out the Euclidean distance between IROls. (C) Dendrogram reveals the
algorithmic clustering of IROls. (D) PC loading scores as a function of lobule for PC1. The first PC captures a crossover at
the boundary of the horizontal fissure (vertical dashed line). Colors indicate the lobular labels from the SUIT parcellation
shown in Figure S4. (E) Schematic illustration of the adult rat cerebellum from Altman and Bayer (1985). Lobules and
fissures are denoted on the left in accordance with Larsell’s nomenclature. The sequential order of Purkinje cell production
is shown on the right. Similar to the present findings, the later stages occur along the posterior (light checkered) to
anterior (heavy checkered) axis (depicted by black arrow). The horizontal fissure is denoted by ‘pri’. (F) Summary of the
present findings on a flattened representation of the cerebellum. Transcriptomic differences between MDTB regions are
highlighted via a color-gradient representing the Euclidean distance between regions taken from the hierarchical clustering
in Figure 2B. The two colors, red and blue, represent the two top-level clusters in Figure 2B. Regions that are clustered
together in the dendrogram are closer on the color spectrum than regions that are far apart with the deepest red and
deepest blue representing regions on either end of the dendrogram.

3.3. Filtering for cortex-specific genes captures an
additional axis of transcriptomic variation that aligns
with functional gradients of the cerebellum

To examine the impact of gene selection methods on the
present results, we also applied a ‘cortex-specific’ filter
(Burt et al., 2018) to our gene set and repeated the previ-
ous analyses. Using samples collected by Fagerberg

et al. (2014), these ‘cortex-specific’ genes (n = 2,413) are
expressed in the HCC, but not in other organs or tissues
(Genovese et al., 2016). With regards to the AHBA, this
set has been used to improve the sensitivity of genes
selected by recent studies looking at the relationship
between transcriptomics and the human cerebral cortex
(Burt et al., 2018; L. King & Weiner, 2024), but has not yet
been employed in an analysis of the human cerebellar
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cortex. We refer to these genes as ‘cortex-specific’
because it is an open question if filtering for these genes
also reveals a transcriptomic contribution to the func-
tional layout of the human cerebellum.

Filtering for ‘cortex-specific’ genes resulted in a new
set of genes (n = 157); only a minority of which (n = 28)
overlapped with our original set. Repeating our agglom-
erative hierarchical clustering approach on this set of
‘cortex-specific’ genes resulted in two primary gradients
that exhibit spatial patterns distinct from the three gradi-
ents identified previously from the non-filtered gene set
(Fig. 4A vs. Fig. 3A, respectively). The first gradient con-
sists of genes highly expressed in lobules more caudal,
or furthest, from the brainstem (lobules V-VIlib, Crusl,
and Crusll) and genes lowly expressed in regions rostral,
or closest, to the brainstem (lobules I-1V, IX, and X). The
second gradient reflects the inverse of this pattern. Based
on prior neuroimaging studies of the cerebellum, gradient

A %
Fig. 4. Filtering for cortex-specific genes captures an
additional transcriptomic axis that aligns with functional
gradients. (A) Filtering for cortex-specific genes, Figure 3A
was re-created where the two dashed lines indicate the
boundaries seen in the first principle component shown

in (C). (B) Cerebellum functional gradient produced by

task activation maps by Guell et al. (2018). Shown here is
‘Gradient 1’ that extends from Default Mode Network and
language regions to motor regions in the cerebellum. (C)
and (D) PC loading scores as a function of lobule for PC1
(C) and PC2 (D). The first PC captures a crossover at the
tail-end regions that are closest in anatomical proximity due
to the curvature of the cerebellum. The highest absolute

PC loads scores at lobules Crus | and Crus Il, while PC2

is similar to that of Figure 3D, capturing a crossover at the
boundary of the horizontal fissure (vertical dashed line).
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1 appears to align with functional gradients of the cere-
bellum (Guell et al., 2018; Katsumi et al., 2023), such as
the primary functional gradient produced by Guell et al.
(2018) (shown in Fig. 4B), while gradient 2 is inversely
related to this pattern.

PCA revealed two anatomical axes captured by this
gene set. The first component highlights a gradient from
anterior (Fig. 4B: lobules IV, IX-X) versus posterior
(Fig. 4C: lobules V-VIII, Crus |, and Crus ) loci relative to
the brainstem. This anterior-to-posterior gradient looks
remarkably similar across our transcriptomic data and
intracerebellar patterns of connectivity obtained using
resting-state fMRI (Guell et al., 2018; Fig. 4B). The sec-
ond component highlights the same trend seen in the first
component of the original gene set (Fig. 4D), with a
boundary at the horizontal fissure separating anterior ver-
sus posterior regions. The first component accounted for
46% of the variance, and the second component
accounted for 30% of the variance.

4. DISCUSSION

After implementing a data-driven approach to examine a
potential role of gene expression to the anatomical and
functional organization of the adult human cerebellum,
we observed three key findings. First, transcriptomic gra-
dients align with anatomically defined parcellations of the
human cerebellum. Second, distinct transcriptomic gra-
dients correspond to an anatomical division of the human
cerebellar cortex, with a prominent boundary at the hori-
zontal fissure. Third, alignment with functional gradients
of the cerebellum only occurs when genes are filtered to
cortex-specific genes. We discuss these findings in the
following two sections which further unpack how i) tran-
scriptomic gradients primarily correspond with the lobu-
lar organization of the human cerebellum and ii)
application of cortically-filtered genes correspond with
functional gradients, rather than discrete functional
boundaries, of the human cerebellum.

4.1. Transcriptomic gradients correspond with the
lobular organization of the human cerebellum

Implementing a data-driven approach blind to the lob-
ules and fissures of the cerebellum encapsulated a
broad anatomical differentiation of genetic expression
along the anterior-posterior axis of the human cerebel-
lum, corresponding to three distinct genetic gradients.
Gradient 1 captures a sharp transcriptomic boundary at
the horizontal fissure. The other two gradients were
mirror reflections of one another, consisting of a set of
genes in Gradient 2 that were highly expressed in lob-
ules V-VIlIIb and weakly expressed in lobules -1V, IX,
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and X, or vice-versa (Gradient 3). Furthermore, gene
expression in vermal regions (medial) of the cerebellum
exhibited a distinct pattern of genetic expression com-
pared to hemispheric regions (lateral), suggesting dif-
ferentiation along the medial-to-lateral (ML) axis of the
human cerebellum (Figs. 3F and S7). This finding cor-
roborates what we know from animal models, namely
that the hemispheres have a distinct foliation pattern
compared to the vermis (Cheng et al., 2010), as well
as notable differences in cerebellar cytoarchitecture
(Lange, 1982) These results illustrate an alignment
between transcriptomic gradients of the human cere-
bellum and an anatomical organization, at the level of
cerebellar lobules.

However, there are a few limitations that are worth not-
ing. First, sample distribution in the AHBA is discontinu-
ous, resulting in irregular coverage across cerebellar ROls.
For example, lobules VI, Vllia, IX, and X were the only ver-
mal regions that were sampled. As such, we should be
cautious about drawing strong conclusions about differen-
tiation along the medial-to-lateral axis (Fig. S7). Second,
the registration of gene expression to MNI space may bias
alignment to structural MRI data rather than functional MRI
data. However, we emphasize that our approach is consis-
tent with widely used computational toolboxes that include
the JuGEx (https://ebrains.eu/service/jugex/) toolbox,
which aims to examine the relationship between gene
expression analyses and human brain atlases. For exam-
ple, Bludau et al. (2018) align AHBA and functional, as well
as cytoarchitectonic, data to the MNI152 space similar to
the approach that we adopt in the present work. It is
unclear whether incorporating both anatomical and func-
tional data for alignment would significantly impact our
current results. While this approach could potentially be
beneficial, it would still necessitate analyses in stereotaxic
space due to the computational demands of segmenting
and reconstructing individual cerebella (Sereno et al.,
2020). However, despite these limitations, the present
analyses were sensitive enough to identify a prominent
transcriptomic gradient along the lateral-medial axis. Addi-
tionally, anatomical subdivisions at the horizontal fissure
were identifiable in either principal component 1 or 2 of all
6 subjects (Fig. S5). Lastly, while only two donors had bi-
hemispheric coverage, analyses across both hemispheres
shows that gene expression is highly correlated (Fig. S7). It
is important to note that as new datasets become avail-
able (Aldinger et al., 2021; Ament et al., 2023), human brain
transcriptomic data will better capture the breadth of the
cerebellum’s molecular repertoire, allowing for better infer-
ences about genetic differentiation along anatomical and
functional gradients of the human cerebellum.

The finding that transcriptomic gradients most closely
correspond with the lobular organization of the human
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cerebellum is consistent with previous approaches. For
example, cerebellar architecture has been characterized
by patterns of lobes and lobules (Marzban & Hawkes,
2011) in which these patterns are under strong genetic
control and are highly reproducible across species (White
& Sillitoe, 2013). Embryological studies have highlighted
that the cerebellar fissures demarcate different develop-
mental trajectories within the cerebellum (White & Sillitoe,
2013). Specifically, the primary fissure, which separates
the anterior and posterior lobes, has been shown to
delineate two distinct gene expression profiles (En1 and
En2) between lobules |-V and lobules VI-X (White &
Sillitoe, 2013). More recently, the correspondence
between transcriptomic gradients and lobular organiza-
tion has been corroborated in the developing cerebellum.
Liu et al. (2022) identified a tissue gradient across the
anterior-to-posterior axis of the developing cerebellum,
which varied as a function of lobular position. These find-
ings provide additional evidence that lobulation in the
cerebellum is under genetic control and is functionally
relevant (Bailey et al., 2014).

While it is frequently noted that the cerebellar cortex is
cytoarchitectonically homogeneous (lto, 2006; Witter &
De Zeeuw, 2015), there is also a recent acknowledgment
that there are microarchitectonic differences in the den-
sity of Purkinje cells across the cerebellar cortex
(Cerminara et al., 2015). These differences are also found
along an anterior-posterior axis, in which Purkinje cell
density decreases from the anterior to posterior lobes of
the cerebellum and the morphology of these cells is
determined by their anatomical location (Armstrong &
Schild, 1970; Cerminara et al., 2015). Additionally, cell
density has been proposed as a microarchitectonic fea-
ture linking transcriptomic gradients to macroanatomical
and functional gradients across areas of the cerebral cor-
tex (Gomez et al., 2020; L. King & Weiner, 2024), which
may be shared across both structures. Thus, the tran-
scriptomic gradients identified here may be related to dif-
ferences in the density and morphology of Purkinje cells
or cellular density across layers along an anterior-
posterior axis in the human cerebellum, a hypothesis that
can be explored in future research.

4.2. Transcriptomic gradients do not correspond
with functional parcellations of the human
cerebellum

We did not observe a correspondence between tran-
scriptomic gradients and functional parcellations of the
human cerebellum. Given that lobular boundaries do not
strongly align with functional boundaries in the human
cerebellum (M. King et al., 2019), it is perhaps not sur-
prising that transcriptomic gradients do not align with
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both layouts. Of course, an important caveat to note is
that functional boundaries in the human cerebellum are
currently defined using BOLD-based activation. This is
only one measure of brain activity and it likely does not
fully capture the complete spectrum of cerebellar func-
tional organization. We understand from molecular tech-
niques, including aldolase C (zebrin Il) expression in
Purkinje cells, that anatomical organization in the cere-
bellum can represent functional units known as “micro-
zones” (Cerminara et al., 2015). These units, which have
been primarily identified in rodents (Sugihara & Shinoda,
2004) and primates (Leclerc et al., 1990), form parasagit-
tal zones across the cerebellar cortex, and vary in func-
tionality (Apps & Hawkes, 2009).

“Microzones” have not as yet been identified in the
human cerebellar cortex, therefore our current under-
standing of functional boundaries is dependent on
BOLD-based approaches. However, we believe that it is
unlikely that these zones align with BOLD-based func-
tional boundaries because the cerebellar hemodynamic
signal primarily reflects mossy and climbing fiber inputs
(Lauritzen, 2001) with single climbing fibers targeting Pur-
kinje cells within a zone, and more diffuse mossy fiber
innervation spanning multiple zonal regions (Hawkes,
1997). Therefore, it is unlikely that the functional bound-
aries are tightly aligned with this zonal compartmenta-
tion. Furthermore, and related to the latter point, mossy
and climbing fibers provide input from extra-cerebellar
structures (e.g., cerebral cortex, spinal cord, and brain
stem) (Thomsen et al., 2004), and we know from resting-
state fMRI that there is a strong functional association
between distinct regions of the cerebral cortex and corre-
sponding regions of the human cerebellum (Buckner
et al., 2011). We also know from task-based fMRI that a
sizable proportion (~60%) of the task-evoked variance in
the cerebellum can be explained by activity in the cere-
bral cortex (M. King et al., 2023). Therefore, it is possible
that functional boundaries in the human cerebellum are
attributable to cerebro-cerebellar connections and that
these may not be under strong genetic control, but rather
are likely shaped postnatally through experience-
dependent activity.

4.3. Transcriptomic and functional gradients
are aligned for cortex-specific genes

Interestingly, when we applied ‘cortex-specific’ filtering for
gene selection, we observed an alignment between tran-
scriptomic and functional gradients of the cerebellum. One
possible explanation for the correspondence between
transcriptomic and functional gradients is the fact that the
‘cortex-specific’ genes are common across both struc-
tures with shared biological processes such as synaptic
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maintenance and function, as suggested by previous
enrichment analyses (Burt et al., 2018; L. King & Weiner,
2024). Furthermore, while BOLD-based measures of func-
tion do not directly confer with anatomical divisions in the
cerebellum, relation to functional gradients with this gene
set may, in part, be due to the anatomical properties that
underlie function. With recent studies examining the spa-
tial patterns of transcriptomic gradients of the HCC (Dear
et al.,, 2024; L. King & Weiner, 2024; Vogel et al., 2024;
Wagstyl et al., 2024), it will be interesting to see how cere-
bellar gradients overlap with cortical gradients. Results
from the ‘cortex-specific’ filtered set in the cerebellum
suggest that there may be a correspondence to gradients
in the cortex, which has been found to be continuous in
prior work (Vogel et al., 2024).

5. CONCLUSION

The present findings demonstrate that genetic expres-
sion gradients align with the anterior-posterior layout of
the adult human cerebellum, a result consistent with
observations from previous studies involving other mam-
malian species (White & Sillitoe, 2013). However, using
cortically-defined genes, we find a strong relationship
between transcriptomic gradients and smooth BOLD-
based functional gradients (Guell et al., 2018; Katsumi
et al., 2023), rather than discrete parcellated boundaries.
Two explanations may account for this dissociation: 1)
Unlike the cerebral cortex, anatomical and functional
organization are not entirely aligned in the human cere-
bellum, and thus, genetic expression patterns are unlikely
to be simultaneously aligned with both, and 2) Functional
organization in the human cerebellum, as currently
defined with fMRI, is strongly defined by cerebro-
cerebellar connections (M. King et al., 2023) that are likely
not under genetic control but rather shaped postnatally
through experience-dependent functions (Haldipur et al.,
2019).
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