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Abstract

Spatial correlation of functional connectivity profiles across matching anatomical locations in
individuals is often calculated to delineate individual differences in functional networks. Likewise,
spatial correlation is assessed across average functional connectivity profiles of groups to
evaluate the maturity of functional networks during development. Despite its widespread use,
spatial correlation is limited to comparing two samples at a time. In this study, we employed a
variational autoencoder to embed functional connectivity profiles from various anatomical
locations, individuals, and group averages for simultaneous comparison. We demonstrate that
our variational autoencoder, with pre-trained weights, can project new functional connectivity
profiles from the vertex space to a latent space with as few as two dimensions, yet still retain
meaningful global and local structures in the data. Functional connectivity profiles from various
functional networks occupy distinct compartments of the latent space. Moreover, the variability
of functional connectivity profiles from the same anatomical location is readily captured in the
latent space. We believe that this approach could be useful for visualization and exploratory
analyses in precision functional mapping.

1 Introduction

Distributed large-scale networks in the human neocortex (Damoiseaux et al., 2006; M. D. Fox et
al., 2005; Seitzman, Snyder, et al., 2019) with trait-like inter-individual variation in network
topography studied extensively with resting-state functional MRI (fMRI) functional connectivity
(FC)(Bijsterbosch et al., 2018; Braga & Buckner, 2017; Cui et al., 2020; Dworetsky et al., 2021,
2024; Glasser et al., 2016; Gordon, Laumann, Adeyemo, & Petersen, 2017; Gordon, Laumann,
Adeyemo, Gilmore, et al., 2017; Gordon, Laumann, Gilmore, et al., 2017; Gratton et al., 2018;
Kong et al., 2019; Kraus et al., 2021; H. Li et al., 2017; Seitzman, Gratton, et al., 2019; D. Wang
et al., 2015). These functional networks have been attributed to distinct functional roles based
on their strong spatial correspondence to the specialized functional systems activated during
task fMRI (Cole et al., 2016; P. T. Fox & Friston, 2012; Power et al., 2011; Wig, 2017; Yeo et al.,
2011). Due to the close relationship between the resting-state networks and functional
significance, precision functional mapping to capture individual-specific functional networks
demonstrates the potential to advance both psychiatric research and personalized therapeutic
interventions (M. D. Fox et al., 2013; Gratton, Kraus, et al., 2020; Labonte et al., 2024; Lynch et
al., 2022, 2024).

Many precision functional mapping methods involve the comparison of FC profiles from
individual seed locations (e.g. vertices or voxels) in different brains. Reliable mapping of
individual-specific functional networks requires a long fMRI data acquisition(Gordon, Laumann,
Gilmore, et al., 2017). Therefore, many researchers have opted to use a group consensus
network as a prior and compare the FC profiles to generate individualized functional networks
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(Gordon, Laumann, Adeyemo, & Petersen, 2017; Kong et al., 2019; H. Li et al., 2017). For
example, one technique called “template matching” (Gordon, Laumann, Adeyemo, & Petersen,
2017; Hermosillo et al., 2024; Moore et al., 2024) assigns network identities to individual
locations based on the similarity of the best matching network average FC profiles. Another
method identifies trait-like “network variants” as contiguous cortical regions with low spatial
correlation between an individual FC profile and a group average FC profile from the
anatomically matched seed locations (Seitzman, Gratton, et al., 2019). In a closely related
school of analyses, seed-based FC profiles were compared across group-average FC data to
measure FC “maturity” (i.e. similarity to adults) in pediatric cohorts (Gao et al., 2015; Sylvester
et al., 2022). Despite the prevalence of using a scalar summary of the similarity between FC
profiles, this does not demonstrate the specific connections that drive the similarity/dissimilarity,
nor whether the number and topography of networks in the original set of network priors are
appropriate. Moreover, the “network variant” and “maturity” measures only compare FC profiles
with direct anatomical correspondence, yet a profound literature of evidence suggests that
functional correspondence across subjects may not perfectly align with anatomical
correspondence (Guntupalli et al., 2018; Haxby et al., 2020).

Dimensionality reduction can be beneficial for efficiently comparing multiple samples of
high-dimensional data, such as FC profiles. Various dimensionality reduction methods have
been applied in neuroscience research to visualize and gain insight from high-dimensional data,
including animal behavior (Stringer et al., 2019), RNA-sequencing (Zeisel et al., 2015), neural
population activity (Churchland et al., 2012; Pandarinath et al., 2018), fMRI activity (Calhoun et
al., 2001; Gotts et al., 2020; Kriegeskorte et al., 2008; Pospelov et al., 2021; Smith et al., 2004),
and fMRI functional connectivity (Hacker et al., 2013; Margulies et al., 2016). In particular, the
functional gradient calculated using diffusion map embedding on functional connectivity data
has provided insights into the relative similarity of FC profiles from all seed locations in one
individual or group-averaged brain in many recent studies (Dong et al., 2021; Hong et al., 2019;
Langs et al., 2010, 2016; Lariviére et al., 2020; Margulies et al., 2016; Nguyen et al., 2023; Tian
et al., 2020; Xia et al., 2022). While most dimensionality reduction methods can effectively
represent the relationship between the existing data samples in a low-dimensional latent space,
few can back project the data from the low-dimensional latent space easily to the original data
space, especially for new data samples outside the original data distribution. Moreover, existing
methods to compare across individuals were based on first finding a low-dimensional latent
space for each individual, and then applying Procrustes analysis (Bookstein, 1997) to align the
spaces across subjects such that “the distance between a randomly chosen subset of vertices
from the same anatomical part of the brain is minimized in functional space”(Langs et al., 2010).
This kind of alignment may not produce meaningful results if the latent spaces themselves have
a large disparity (Vos de Wael et al., 2020). On the other hand, generative models such as
variational autoencoders (Kingma & Welling, 2013) can generate new data points and provide a
bidirectional mapping between the data space and the latent space. Recently, a beta-variational
autoencoder has been introduced for the automated discovery of interpretable factorized latent
representations in images (Higgins et al., 2017), and has been used for disentangling
resting-state fMRI activity in both adults (Kim et al., 2021) and fetus/neonates (Kim et al., 2023).
Here, we introduce the use of a variational autoencoder to disentangle interpretable factors
driving the variation in FC profile across both locations and subjects in a low-dimensional latent
space. One toy example contrasting the comparison of FC profiles in vertex space and a
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low-dimensional latent space is provided in Figure 1A.
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Figure 1. Comparing FC profiles in vertex space versus comparing FC profiles in the latent
space. A) Vertex space: FC profiles from individual seed locations can have a similar spatial
correlation to the FC profile of a network template even when they have subtle differences to
each other. B) Latent space: the similarity between multiple FC profiles is approximated by the
Euclidean distance between them in the latent space.

2 Methods

2.1 Neuroimaging Datasets

We used resting-state fMRI data from the Washington University 120 (WU120) (Power et al.,
2014) for training the model weights to project the FC profiles from the original vertex space to a
low-dimensional latent space. The WU120 dataset contains one resting-state session per
subject for 120 subjects. Out of the 120 subjects from WU120, 100 subjects were selected as
the training data, 10 as the validation data, and 10 as the test data. For additional analyses
based on the pre-trained weights, we utilized the resting-state fMRI data from the Human
Connectome Project (HCP, Rest1 and Rest2 scan sessions in 94 unrelated individuals) (Van
Essen, Ugurbil, et al., 2012), the Midnight Scan Club (MSC, 10 scan sessions in 10
individuals)(Gordon, Laumann, Gilmore, et al., 2017) and Baby Connectome Project (BCP, 301
scan sessions in 178 individuals) (Howell et al., 2019) datasets. All datasets used are publicly
available and the paths to data are provided in the “Data and Code Availability” section.

The adult datasets (all except BCP) were collected from young adult subjects (19-35 years)
while they were asked to fixate on a center cross on the screen in a 3-Tesla MRI scanner. The
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baby dataset (BCP) was collected from infants to preschool children (8-60 months) during
natural sleep. Procedures were then applied to normalize intensity, correct for motion in the
scanner, and transform the data onto a standard 32k-fsLR surface (Van Essen, Glasser, et al.,
2012). Furthermore, motion and other non-neuronal sources of artifact were mitigated with
nuisance regression (including global signal regression) and bandpass filtering (Power et al.,
2014) in the volume data before transforming to the surface space (adult datasets) and after
transforming to the surface space (baby dataset). Further details on the acquisition and
processing of the neuroimaging datasets and subject demographics are available in the
Supplementary Materials.

2.2 Functional Connectivity Profiles

The FC profiles from each seed vertex were calculated as the Pearson’s correlation between
the BOLD time series from that vertex to all cortical vertices in the left and right hemispheres (N
= 59412 in the standard 32k-fsLR surface). FC profiles from a randomly sampled 10% of the
vertices in each of the 100 subjects were used as the samples (N = 5942 x 100 = 594200) for
training the model weights to map data from the vertex space (59412 dimensions) to the latent
space to balance between the variability in the training samples and computational demand.

In addition, we also calculated the FC profiles from individual areas (N = 333 for the
group-average adult parcellation (Gordon et al., 2016), N = 567-710 for Midnight Scan Club
individual-specific parcellations (Gordon, Laumann, Gilmore, et al., 2017), and N = 326 for the
group-average toddler parcellation), where each area consists of tens to hundreds of vertices.
This is calculated with Pearson's correlation between the average BOLD time series from each
area and the BOLD time series from each of the 59412 vertices. FC profiles from functional
networks (each with thousands of vertices) and the functional network prior (average FC profiles
for functional networks across subjects) can be calculated with the same logic.

Unless stated otherwise, the area parcellations and the FC profiles were visualized on a
group-average brain surface in the standard 32k-fsLR space based on the MNI or Conte69
templates (Brett et al., 2002; Glasser & Van Essen, 2011).

2.3 The Variational Autoencoder Model

Autoencoders (AE) are neural networks designed to encode the input into a compressed
representation, and then decode it back to a reconstructed input similar to the original one. The
variational autoencoders (VAE) (Kingma & Welling, 2013) learn a distribution in the compressed
representation. They are especially useful in obtaining a smooth, continuous latent space for
generating new data, with the power to disentangle latent generative factors from images further
enhanced with a higher weight on the Kullback-Leibler (KL)-divergence in the cost function with
a hyperparameter 3 (Higgins et al., 2017). Unlike diffusion map embedding, AEs feature a
encoder and decoder design for straightforward application to embed new data and reconstruct
latent embeddings to the original vertex space. We adopted the same model architecture as
described in prior research (Kim et al., 2021, 2023, 2024 ) with five convolutional layers and one
fully-connected layer in the encoder, and one fully-connected layer and five convolutional layers
in the decoder.

To take advantage of the convolutional layers in efficiently representing local patterns in images
with few weights, we formatted the FC profiles in surfaces to 2D images. The geometric
reformatting procedure was done in four steps. First, the FC profiles were mapped to the cortical
surface using their coordinates in the 32k-fsLR mesh of the left and right hemispheres (32492
vertices per hemisphere with some of them empty due to the presence of the medial wall).
Then, the surfaces in each hemisphere were inflated to a sphere using FreeSurfer (Fischl,
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2012). After that, we used cart2sph.m in MATLAB to convert its Cartesian coordinates (x,y,z) to
spherical coordinates (a,e), which reported the azimuth and elevation angles in a range from

— nto + m and from — w/2to + m/2, respectively. Lastly, we defined a 192x192 grid to
resample the spherical surface with respect to azimuth and sin(elevation) such that the
resampled locations were uniformly distributed at approximation (Figure 2A).

The encoder transformed an FC profile (a pair of left and right hemisphere images formatted to
two 192 x 192 grids) into a probabilistic distribution of N latent variables, where N is the number
of latent dimensions. For visualization purposes, we use N = 2, although we have conducted
additional experiments using different numbers of dimensions in Supplementary Materials
(Section C). Each convolutional layer conducted linear convolutions followed by rectifying the
outputs as described by (Nair & Hinton, 2010). The first layer utilized 8 x 8 convolutions on
inputs from each hemisphere and combined the results. Subsequent layers, from the second to
the fifth, applied 4 x 4 convolutions to this combined output. Circular padding was employed at
the azimuth boundaries, while zero padding was used at the elevation boundaries. A fully
connected layer applied linear weighting to generate the mean and standard deviation for the
distribution of each latent variable. The decoder replicated this structure in reverse,
reconnecting the layers to recreate the FC profile from a sample latent variable. The VAE model
was optimized to reconstruct the input while constraining the distribution of every latent variable
to be close to an independent and standard normal distribution. This is achieved through
optimizing the encoding parameters, ¢, and the decoding parameters, 8, to minimize the loss
function below:

L($,81x) =llx — x'll, + B - D, [NGw,0)[IN(O,D)] (1)
where x is the input data from both hemispheres, x' is the reconstructed data, and N(uz, oz) is

the posterior distribution, N(0, I) is the prior distribution. D, measures the KL divergence

between the posterior and prior distributions, and B is a hyperparameter balancing the two terms
in the loss function. A 8 < 1 places less emphasis on the KL divergence and focuses more on
reconstruction, while a B > 1 places a higher emphasis on KL divergence, enforcing stricter
regularization of the latent space.

Models were trained with stochastic gradient descent with a batch size of 128, initial learning
rate of 1E-4, and 50 epochs with random data selection in each batch. An Adam optimizer
(Kingma & Ba, 2014) was implemented, and the learning rate decayed by a factor of 10 every
20 epochs. Final hyperparameters including the number of latent dimensions and the beta value
were determined by the trade-off between KL divergence and reconstruction loss on the
validation data. The model was trained in Python 3.8 using PyTorch (v2.1.2+cu118) using a
server with an NVIDIA A100 GPU (40 GB memory).

Additional details on the model design and hyperparameter tuning is provided in the
Supplementary Materials (Section B). We also briefly explored alternative dimensionality
reduction methods in the Supplementary Materials (Section D).

2.4 Quality of clustering by functional networks

One key feature of functional connectivity is that nodes within the same functional network tend
to possess similar FC profiles (Yeo et al., 2011). The 286 out of 333 parcels in the Gordon
parcellation (Gordon et al., 2016) were grouped into 12 functional networks. The additional
(named “None” in the original network assignment) of 47 parcels in the low-SNR regions that
cannot be confidently grouped into any of the functional networks were excluded from further
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analyses. We evaluated the segregation of FC profiles from different functional networks with
the silhouette index (SI) (Rousseeuw, 1987; Yeo et al., 2011) on the group-average FC profiles
or group-average latent embeddings. The Sl is calculated as:

where a, is the mean within-network distance, and bl, is the smallest mean between-network

distance to alternative networks. A correlational distance measure was used for the FC profiles
in the vertex space, whereas a Euclidean distance measure was used for the FC profiles in the
latent space. A 95% confidence interval (95% CI) was calculated by bootstrapping the subject
samples 1000 times.
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Figure 2. Geometric reformatting and the autoencoder model architecture. A) Geometric
reformatting. The cortical distribution of fMRI activity is converted into a spherical surface and
then to an image by evenly resampling the spherical surface with respect to sin(e) and a, where
e and a indicate elevation and azimuth, respectively. B) Architecture of an autoencoder. An
encoder network samples latent variables given an input image under the inference model while
a decoder network generates a genuine input image from under the generative model. Both the
encoder and decoder network contain 5 convolutional layers. Adapted from Kim, J., Zhang, Y.,
Han, K., Wen, Z., Choi, M., & Liu, Z. (2021). Representation learning of resting state fMRI with
variational autoencoder. Neurolmage, 241, 118423. Copyright 2021 by Elsevier Inc.
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3 Results

3.1 A Traversal Through the Latent Space Gives Rise to Systematic Variations in Reconstructed
Functional Connectivity Profiles

To understand how the changes in the magnitude of each latent dimension affect the
reconstructed FC profile appearance, we evenly divided one of the two latent dimensions (z,
and z,) while keeping the other latent dimension fixed at zero, and then back-project those
latent embeddings to the vertex space using the VAE decoder. We observed patterns
reminiscent of sensorimotor networks and association networks (Margulies et al., 2016; Sydnor
et al., 2021), as well as task-positive to task-negative networks (Buckner et al., 2008; M. D. Fox
et al., 2005; Raichle, 2015) (Figure 3A). Furthermore, somatomotor hand versus mouth and
visual versus somatomotor network separations were also observable, suggesting the
disentanglement of not only the coarse separation mentioned above but also fine details within
the sensorimotor networks. Additionally, we obtained realistical FC profiles commonly observed
across different functional networks for combinations of z, and z.
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Figure 3. Reconstructed FC profiles obtained by traversing the latent space of the beta-VAE
model. A) One latent dimension varies in equal steps from one end to the other, while the other
dimension is fixed at zero. B) Grids representing different combinations of z, and z,.
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3.2 Functional Connectivity Profiles are Internally Coherent Within Functional Networks in Both
the Vertex Space and the Latent Space

It hass been well established that FC profiles from the same functional networks tend to be
similar (Buckner et al., 2013; Yeo et al., 2011). In this study, we validated this observation in the
94 unrelated subjects from the HCP dataset and evaluated whether similar patterns could be
detected in the latent embeddings. When sorting the group-average FC profile from each of the
286 areas within the 12 networks defined by the Gordon parcellation (Gordon et al., 2016)
according to the network order (Figure 4A), we observed that FC profiles within the same
network appeared qualitatively similar (each row in Figure 4B is a flattened FC map from the
59412 cortical vertices). The relative similarity between the FC profiles (i.e., rows in Figure 4B)
can be quantified using correlation distance (1-Pearson’s correlation). We found that
within-network distances tend to be smaller than between-network distances (Figure 4C). On
average, the FC profile of each area was more similar to those within the same network than to
those in the closest alternative network (mean Silouette Index (SI) > 0) (Figure 4D). When
projected into a two-dimensional latent space, the FC profiles form clusters that are closer
together within the same functional networks, based on Euclidean distances (Figure 4E-F). On
average, the FC embeddings from each area were closer to those within the same network than
to those in the nearest alternative network (mean S| > 0). However, the mean S| was lower than
previously observed in the vertex space, and some networks, such as the default mode network
(red) were not distinctly separated from their closest alternative network. We will explore this
observation further in the next section. Additionally, we found that the mean Sl first increased
and then decreased with the number of latent dimensions, potentially due to “curse of
dimensionality” where all points are far apart at higher dimensions (Section C in the
Supplementary Materials).

3.3 Functional Connectivity Profiles in the Default Mode Network Were Separated into
Sub-networks in the Low-dimensional Latent Space

In addition to the group average, we can also examine the variability across the functional
networks across all area parcels from the 94 subjects in the HCP dataset (Figure 5). It appears
that while FC profiles from some networks form relatively local and spherical clusters in the
latent space (e.g. the retrosplenial temporal network (RTN), salience network (Sal) and parietal
memory network (PMN)), other networks exhibit more complex shapes and are sometimes
divided into multiple spherical clusters across all subjects (e.g. default mode network (DMN)). To
further investigate whether these clusters correspond to biologically meaningful divisions, we
applied k-means clustering to the FC profiles from areas belonging to the default mode network
from all subjects, choosing k = 2 based on visual inspection (Figure 6A-B). The resultant cluster
consists of data from similar area parcels across the subjects (Figure 6C), albeit with some
variability (Figure 6D). Cluster 1 primarily includes parcels in the medial prefrontal cortex, the
temporal cortex and the dorsolateral prefrontal cortex, while Cluster 2 is mainly composed of
parcels in the inferior parietal cortex and the posterior cingulate cortex (Figure 6E). Subtle
differences can be observed in the reconstructed FC profiles from the centroids of the two
clusters (Figure 6F). The reconstructed FC profile from the centroid of Cluster 1 resembles the
ventromedial, pregenual and parietal components of the default network, while the distribution of
Cluster 2 mirrors the dorsolateral and retrosplenial components of the default network. Similar
division of the default mode subnetworks has been identified in other studies (Akiki & Abdallah,
2019; Andrews-Hanna et al., 2010; Gordon et al., 2020; Lynch et al., 2024; Uddin et al., 2009).
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Figure 4. Separation of functional connectivity profiles by functional networks in the average of 94 HCP
subjects. A) Gordon network assignments for 286 area parcels. B) The flattened FC profiles from each of
the 286 area parcels. C) The mean correlational distance between each pair of the FC profiles in B. The
dashed line shows the mean across all areas. D) The mean silhouette index for each functional network
based on the correlation distance In C. E) The FC profile latent embeddings with two dimensions in VAE.
Each circle represents each area parcel's mean functional connectivity profile across Rest1 sessions of
94 subjects. F) The mean Euclidean distance between the latent embeddings of the average across 94
subjects. G) The mean silhouette index for each functional network based on the Euclidean distance in F.
The dashed line shows the mean across all areas. H) A scatter plot of the Euclidean distance in the latent
space (F) and correlational distance in the vertex space (C).
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Figure 5. Functional connectivity profile embeddings from the Rest1 session for areas within
the 12 Gordon networks across all 94 HCP subjects. A) All 12 networks. B) Each individual
network.
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Figure 6. Sub-clusters within the DMN network in the latent space. A) DMN parcels across all
subjects. B) Clustering the data in A into two sub-clusters with the k-means algorithm. C) The
sub-cluster membership across parcels and subjects. D) The sub-cluster membership in two
example subjects. E) The relative frequency of cluster membership across subjects (darker =
more subjects) for the two sub-clusters. F) The reconstructed FC profiles from the centroids of
the two sub-clusters. The axes scales were the same as Figure 5.

3.4 Interindividual Variability in Functional Connectivity Profiles From the Same
Anatomically-matched Location was Evident in the Low-Dimensional Latent Space.

Despite the largely consistent topography of functional networks across adult individuals
(Damoiseaux et al., 2006; Gratton et al., 2018), interindividual differences in functional network
assignment have been well documented in prior studies (Bijsterbosch et al., 2018; Braga &
Buckner, 2017; Cui et al., 2020; Dworetsky et al., 2021, 2024; Glasser et al., 2016; Gordon,
Laumann, Adeyemo, & Petersen, 2017; Gordon, Laumann, Adeyemo, Gilmore, et al., 2017,
Gordon, Laumann, Gilmore, et al., 2017; Gratton et al., 2018; Kong et al., 2019; Kraus et al.,
2021; Langs et al., 2016; H. Li et al., 2017; Seitzman, Gratton, et al., 2019; D. Wang et al.,
2015). Here, we examine the position of the FC profile embedding from one example area
parcel assigned to the “Somatomotor Hand” network based on the Gordon parcellation using
group-average adult data (Gordon et al., 2016). The variability of FC profiles from this example
parcel was substantial (Figure 7, the scales of the axes were the same as Figure 5-6).
Additionally, the relative positions of the embeddings for different subjects were qualitatively
consistent across two resting scan sessions (Rest1 and Rest2) in the VAE latent space (Figure
7). Visualization of the original FC profiles before projection to this low-dimensional latent space
revealed that the two subjects at the extremes of the distribution demonstrated very distinct FC
profiles: one resembling the “Dorsal Attention” network and the other “Somatomotor Hand”
network (Figure 7).

Parcel 213
(Somatomqtor Hand) Subject 8 Subject 33

\L\\‘i\ o

*\w -_a-&.)'nallttentiul‘
Rest1 o
S 31k
| r“nﬁatomotor_Hand
dim 1
Q

.aot\wl lAttention

i

dim 2

Rest2

iy,

b h

Somatomotor_ Hand
"]

dim 1

Figure 7. Interindividual variability of an example parcel across sessions across 94 HCP
subjects in the VAE latent representation. Each data point is a subject indicated by the numbers
1 to 94. The FC profiles from parcel 213 for subject 8 and subject 33 in Rest1 and Rest2 were
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shown as an example. The “Somatomotor Hand” and “DorsalAttention” markers were from
Lynch et al. 2024. The axes scales were the same as Figure 5.

3.5 Low-dimensional Latent Representations of Functional Connectivity Profiles Enable
Comparisons across Area Parcels, Sessions, Subjects and Populations

Itis common for neuroimaging analyses to be conducted at the level of areas for biological
interpretability (Petersen et al., 2024). However, different atlases exist for definitioning cortical
areas, varying from 100-1000 areas across both hemispheres (Arslan et al., 2018; Craddock et
al., 2012; Gordon et al., 2016; Schaefer et al., 2018; Shen et al., 2013). In addition to the lack of
consensus in area definition, recent work has demonstrated that the optimal definition of areas
may vary across individuals (Glasser et al., 2016; Gordon, Laumann, Gilmore, et al., 2017;
Kong et al., 2021) and across the lifespan (Han et al., 2018; Myers et al., 2024; Tu, Myers, et
al., 2024). Despite the variation in size and anatomical location of these parcels, we can obtain
their FC profiles based on their functional connectivity to each vertex in the cerebral cortex.
Subsequently, mapping those FC profiles to the low-dimensional latent space follows the
previously described procedures straightforwardly. We mapped the distribution of all areas
across all scan sessions in all subjects in two young adult datasets (HCP and MSC) and one
baby dataset (BCP). The specific area and network assignments were reproduced in
Supplementary Materials (Section A.6).

We found that the general compartments occupied by the major network divisions seem to be
consistent across adult and baby datasets (Figure 8A/C/E). However, the baby dataset (8-60
months) had a different density distribution of points (Figure 8E). Additionally, the network priors
calculated from the average of a group of highly sampled adult individuals for stereotypical
appearance of FC in each network (Supplementary Figure A.6) (Lynch et al., 2024) also fall
within the margins of the expected network distributions from the datasets (Figure 8B/D/F).

We further quantified this difference in the distribution of FC profile embeddings across datasets
by calculating the probability density function of the distributions (Figure 9). When comparing
the baby (BCP) distribution (Figure 9B) with the young adult (HCP) distribution (Figure 9A), the
BCP distribution was much denser at the center (Figure 9D), potentially attributable to an overall
weaker FC (Figure 3). On the other hand, the difference in the FC profile embedding
distributions in the two young adult datasets (HCP and MSC) (Figure 9C & 9E) was much
smaller.
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Figure 8. Distribution of functional connectivity profiles from different parcels in different cohorts.
A) FC profiles from 286 area parcels (group-average adult parcellation) in 94 subjects in the
HCP dataset with 2 scan sessions each. The network legend for the colors were the same as
Figure 4A. C) FC profiles from 567-710 individual-level area parcels in 10 highly-sampled adult
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individuals with 10 scan sessions each. The area parcels displayed on the brain is from one
example subject, with the area parcels and network legend for all subjects in the Supplementary
Materials (Section A.6). E) 326 area parcels (group-average toddler parcellation) in 301 mixed
longitudinal and cross-sectional sessions from 178 babies aged at 8-60 months, with the
network legend in the Supplementary Materials (Section A.6). B/D/F is the same as A/C/E but
without the network colors and with the overlay of network priors from Lynch et al. 2024.
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Figure 9. Probability density function in FC profile embedding distribution in the latent space
across different cohorts. A) Probability density for the 188 sessions from the HCP data. B)
Probability density for the 301 sessions from the BCP data. C) Probability density for the 100
sessions in the MSC data. D) Difference between B and A. E) Difference between C and A.
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4 Discussion

4.1 A Low-dimensional Latent Space Facilitates Simultaneous Comparison of FC Profiles
across Locations and Scans

Each point in the latent space represents a FC profile or a spatial connectivity map to all cortical
vertices. The distribution of points characterizes the global functional connectivity pattern in
each subject/group, which can vary between babies and adults (Figure 8-9). Neighboring points
in the latent space exhibit coherent spatial patterns and form clusters reminiscent of functional
networks (Figure 3-4). On the other hand, the anatomical positions on the brain are uncoupled
from the positions in the latent space (Figure 6). Therefore, similar to other techniques that
compare FC independent of the underlying anatomy (Guntupalli et al., 2018; Haxby et al., 2020;
Langs et al., 2016), we group nodes (vertices, areas, etc.) together based on their similarity of
FC profiles regardless of their anatomical locations. This approach is thus ideal for examining
large-scale functional networks, which may originate from anatomically isolated compartments.

There are two advantages that our current method has over existing methods of FC embedding
(Guntupalli et al., 2018; Haxby et al., 2020; Langs et al., 2016). First, the variational
autoencoder is a generative model that offers a straightforward bidirectional mapping between
the data space and the latent space, which allows for the visual assessment of example profiles
from points in the latent space (Figure 6). Secondly, our approach facilitates easy projection of
out-of-sample data with pre-computed weights, rather than first finding a data-driven embedding
space for each subject and then aligning them. This simplifies the comparison across subjects
and cohorts with minimal computational effort. To provide a more intuitive example, with a
simple function call (see Code Availability), we were able to project the FC profiles from
individual areas (approximately 600 per subject) in 100 sessions (10 MSC individual subjects
with 10 sessions each) in 523 seconds on a Linux machine equipped with two AMD EPYC 7713
64-core Processors, providing 128 cores and 256 threads, with a base clock speed of 2.56 GHz.

4.2 Community Detection in a Shared Latent Space Naturally Establish Correspondence and
Reduce Computational Demand

One key pursuit of system neuroscience is to group individual cortical areas into functional
networks or communities across states, individuals, and the lifespan (Betzel et al., 2014;
Dworetsky et al., 2021; Gordon, Laumann, Adeyemo, & Petersen, 2017; Grayson & Fair, 2017,
Kong et al., 2019; Mitra et al., 2017; Muldoon & Bassett, 2016; Puxeddu et al., 2020; Sun et al.,
2023; Tagliazucchi et al., 2013; D. Wang et al., 2015) based on their functional connectomes
(i.e. area-to-area functional connectivity). A key hurdle for examining those communities is the
establishment of correspondence across scan sessions. Prior work has attempted this by
detecting communities in individuals and then matching their topographical overlap either
through visual inspection (Gordon, Laumann, Gilmore, et al., 2017) or using a Hungarian
matching algorithm (Kuhn, 1955) to relabel the networks such that the spatial agreement
between corresponding networks is maximized (Langs et al., 2016; Yeo et al., 2014).
Alternatively, a multilayer network can be constructed by linking multiple functional connectomes
as layers (Bassett et al., 2011; Betzel et al., 2019; Puxeddu et al., 2020), where community
detection methods are then applied to the entire multilayer network. However, neither approach
can be applied to functional connectomes when the area definitions differ across individuals. At
the same time, areas optimized for individuals (Gordon, Laumann, Gilmore, et al., 2017; Kong et
al., 2021; Laumann et al., 2015; M. Li et al., 2019) or populations (Han et al., 2018; Myers et al.,
2024; Scheinost et al., 2016; Shi et al., 2018; Tu, Myers, et al., 2024; F. Wang et al., 2023) have
gained popularity over the years. Moreover, anatomically matched regions across individuals
can still vary in their functional properties (Dworetsky et al., 2021; Gordon, Laumann, Adeyemao,
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& Petersen, 2017; Guntupalli et al., 2018; Haxby et al., 2020; Langs et al., 2016; Mueller et al.,
2013).

Clustering in a low-dimensional latent space instead of the original data space can be a
computationally efficient (Zhakubayev & Hamerly, 2022) way of solving the correspondence
across individuals (Langs et al., 2016; Wen et al., 2024). The FC profiles from different
individuals naturally acts as a prior for each other to compensate for the short acquisition time in
each scan compared to the precision neuroimaging data (Allen et al., 2022; Gordon, Laumann,
Gilmore, et al., 2017; Laumann et al., 2015; Lynch et al., 2024; Poldrack et al., 2015).

4.3 Challenges and future directions

Our training data represents a small sample with a narrow demographic profile. The training
dataset could be expanded to incorporate diverse demographics, acquisition parameters,
developmental stages, etc. Additionally, our current study focused on resting-state functional
connectivity with a passive viewing or sleep paradigm, but recent studies suggest that a more
naturalistic viewing paradigm might better emphasize inter-individual variability (Vanderwal et
al., 2017). Future studies could incorporate FC collected in those more naturalistic settings.

To develop a general-purpose model for efficient bidirectional transformation between the spatial
FC profiles in the latent space and the vertex space, we chose to directly embed the spatial FC
profiles instead of the spatiotemporal maps (Kim et al., 2021, 2023, 2024), even though this
overlooks the rich temporal information within fMRI timeseries. Additionally, unlike other factor
analysis methods that explore harmonic modes/eigenmodes in the brain based on geometric
anatomy (Atasoy et al., 2016, 2018; Pang et al., 2023), the VAE latent space lacks
interpretability. Therefore, our model serves as a descriptive/phenomenological model to
facilitate exploratory analyses in scientific discovery for functional connectivity analyses only,
rather than a mechanistic model to understand the structural basis of functional connectivity.

5 Conclusion

The current study demonstrates the application of a variational autoencoder (VAE) to transform
functional connectivity profiles from the original vertex space to a low-dimensional latent space.
Unlike traditional non-linear dimensionality reduction methods like diffusion map embedding
(Langs et al., 2010; Margulies et al., 2016), Laplacian Eigenmap (Haak et al., 2018; Pospelov et
al., 2021), isomap (Pospelov et al., 2021) and local linear embedding (Pospelov et al., 2021),
the variational autoencoder naturally offers a bidirectional mapping to and from the
low-dimensional latent space. This bidirectionality allows the VAE to generate systematically
varying FC profiles from samples in the latent space, providing valuable biological intuition.
Additionally, by utilizing pre-trained weights from an independent young adult dataset (WU120),
the VAE can generate meaningful latent representation without the need for individual-specific
latent space computation and post-hoc alignment (Haxby et al., 2020; Langs et al., 2016;
Nenning et al., 2020; Vos de Wael et al., 2020). This latent representation successfully capture
the organization of FC profiles into functional networks and highlights the interindividual
variability in FC profiles from matching anatomical locations. Our approach offers a robust
dimensionality reduction technique for FC profiles across various area parcels, sessions,
subjects and populations, including abstract summary measures such as network priors based
on population averages (Lynch et al., 2024). This work could enhance visualization and
exploratory analysis for precision functional mapping, providing insights into both individual and
group differences in functional connectivity organization across the brain.
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Data and Code Availability (mandatory unless there is no data or code used)

Dataset WU120 is available at:
https: NNeuro.or taset 243/version 1/file-displ 1

Dataset HCP is available at:

Dataset MSC is available at:
https://openneuro.org/datasets/ds000224/versions/00001

Dataset BCP is available at:
https://nda.nih.gov/edit_collection.htm|?id=2848

The Pytorch implementation for the beta-VAE can be found at

https://github.com/cindyhfls/Tu-2025-VAE_FC_embedding, which was adapted from:
https://github.com/libilab/rsfMRI-VAE. Pre-trained model weights can be found at

https://huggingface.co/cindyhfls/fcMRI-VAE.

Visualization is conducted through Connectome Workbench

(https://www.humanconnectome.org/software/connectome-workbench) and custom MATLAB
scripts (https://qithub.com/cindyhfls/MATLAB_BrainParcelVisualizationFunctions)
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Supplementary Materials
Section A. Neuroimaging Datasets
A.1 Washington University 120 (WU120) Data Acquisition and Processing Details

This dataset has been extensively detailed in prior descriptions (Power et al., 2014). In
summary, data was obtained from 120 healthy young adults, with relaxed eyes-open fixation (60
females, average age = 25 years, age range = 19-32 years). Participants were right-handed,
native English speakers recruited from the Washington University community. Screening via
self-report questionnaire ensured no history of neurological or psychiatric diagnosis, nor head
injuries resulting in more than 5 minutes of unconsciousness. All participants provided informed
consent, and the study was approved by the Washington University School of Medicine Human
Studies Committee and Institutional Review Board.

Structural and functional MRI data were obtained with a Siemens MAGNETOM Trio Tim 3.0-T
Scanner and a Siemens 12-channel Head Matrix Coil. Structural imaging included a
T1-weighted sagittal magnetization-prepared rapid acquisition gradient-echo (MP-RAGE)
structural image was obtained [time echo (TE) = 3.08 ms, time repetition, TR (partition) = 2.4 s,
time to inversion (T1) = 1000 ms, flip angle = 8°, 176 slices with 1 x 1 x 1 mm voxels]. Functional
scan slices were aligned parallel to the anterior commissure—posterior commissure plane of the
MP-RAGE and centered on the brain using an auto-align pulse sequence protocol available in
Siemens software. This alignment corresponds to the Talairach atlas (Talairach & Tournoux,
1988).

For the fMRI data acquisition, subjects were instructed to relax while maintaining fixation on a
black crosshair against a white background. Functional imaging used a BOLD contrast-sensitive
gradient-echo echo-planar imaging (EPI) sequence (TE = 27 ms, flip angle = 90°, in-plane
resolution =4 x 4 mm). Full-brain EPI volumes (MR frames) of 32 contiguous, 4-mm-thick axial
slices were obtained every 2.5 seconds. Additionally, a T2-weighted turbo spin-echo structural
image (TE =84 ms, TR =6.8 s, 32 slices with 1 x 1 x 4 mm voxels) in the same anatomical
planes as the BOLD images was also captured to augment atlas alignment. The fMRI
acquisition used Anterior—Posterior (AP) phase encoding. The number of volumes collected
per subject ranged from 184 to 724, with an average of 336 frames (14.0 min).

Functional images were first processed to reduce artifacts including (1) correction of odd versus
even slice intensity differences due to interleaved acquisition without gaps, (2) head movement
correction within and across runs, and (3) across-run intensity normalization to a whole-brain
mode value of 1000 (Miezin et al., 2000). Each individual’s functional data was transformed into
an atlas space using the MP-RAGE scan and resampled to an isotropic 3-mm atlas space
(Talairach and Tournoux, 1988), using a single cubic spline interpolation (Lancaster et al., 1995).

Additional preprocessing mitigated high-motion frame effects in two iterations. The first iteration
included: (1) demeaning and detrending, (2) multiple regression including whole-brain,
ventricular cerebrospinal fluid (CSF), and white matter signals, and motion regressors derived
by Volterra expansion and (3) a band-pass filter (0.009 Hz < f < 0.08 Hz). Temporal masks were

40


https://doi.org/10.1101/2025.01.29.635570
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.29.635570; this version posted January 30, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

created in this iteration to flag motion-contaminated frames, identified using framewise
displacement (FD), calculated as the squared sum of the motion vectors (Power et al., 2012).
Volumes exceeding FD > 0.2 mm and segments of fewer than 5 contiguous volumes were
flagged for removal.

The data were then reprocessed in a second iteration, incorporating the temporal masks
described above. This reprocessing was identical to the initial processing stream but ignored
censored data. Data were interpolated across censored frames using least squares spectral
estimation (Power et al., 2014) of the values at censored frames so that continuous data could
be passed through the band-pass filter (0.009 Hz < f < 0.08 Hz) without contaminating frames
near high motion frames. Censored frames were ultimately ignored when calculating the
functional connectivity profiles.

Individual surfaces were generated from the structural images and functional data were
sampled to surface space (Glasser et al., 2013). Following volumetric registration, left and right
hemisphere anatomical surfaces were created from each subject's MP-RAGE image using
FreeSurfer's recon-all processing pipeline (v5.0)(Fischl, 2012). This involved brain extraction,
segmentation, white matter and pial surface generation, surface inflation to a sphere, and
spherical registration of the subject's “native” surface to the fsaverage surface. The
fsaverage-registered surfaces were then aligned and resampled to a resolution of 164000
vertices using Caret tools (Van Essen et al., 2001) and down-sampled to a 32492 vertex surface
(32k-fs_LR). Functional BOLD volumes were sampled to each subject's individual “native”
midthickness surface (generated as the average of the white and pial surfaces) using the
ribbon-constrained sampling procedure available in Connectome Workbench (v0.84) and then
deformed and resampled from the individual's “native” surface to the 32k-fs_LR surface. The
final time series were smoothed along the 32k-fs_LR surface using a Gaussian smoothing
kernel (o = 2.55 mm).

A.2 Human Connectome Project (HCP) Data Acquisition and Processing Details

Data for the Human Connectome Project (Young Adult) was collected at Washington University
in St. Louis and the University of Minnesota. The participants, healthy adults aged between 22
to 35 years, underwent high-resolution T1-weighted (MP-RAGE, TR = 2.4s, voxel size =
0.7x0.7x0.7mm) and BOLD contrast-sensitive imaging (gradient echo EPI, multiband factor 8,
TR = 0.72s, voxels = 2x2x2mm) using a custom Siemens SKYRA 3.0T MRI scanner equipped
with a custom 32-channel Head Matrix Coil. Sequences with both left-to-right (LR) and
right-to-left (RL) phase encoding were employed, with each participant completing a single run
in each direction over two consecutive days, resulting in four runs in total, two for Rest 1 and
another two for Rest 2 (Van Essen, Ugurbil, et al., 2012).

Functional data processing first followed the HCP minimally preprocessing pipeline (Glasser et
al., 2013), which included the additional use of a field map for distortion correction (Cusack et
al., 2003; Jezzard & Balaban, 1995) and otherwise similar steps as mentioned above. Then,
additional preprocessing of the resting-state BOLD volume data was applied to remove
non-neuronal sources of artifacts similar to the WU120 data, with the only differences in and an
added low-pass filter at 0.1 Hz applied on the movement parameters before calculating FD to
mitigate high-frequency respiration artifacts on FD estimates (Gratton, Dworetsky, et al., 2020).
Frames with FD greater than 0.04 mm were flagged as “high-motion” based on the noise floor in
FD traces. Instead of processing in two iterations as mentioned above for the WU120 data, the
temporal mask excluding high-motion frames based on FD was used in the calculation of
regression coefficients and linear interpolation before the application of bandpass filtering.
Censored frames were ultimately ignored when calculating the functional connectivity profiles.
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Following that, the preprocessed BOLD volumes were sampled to each subject's individual
“native” midthickness surface (generated as the average of the white and pial surfaces) using
the ribbon-constrained sampling procedure available in Connectome Workbench and then
deformed and resampled from the individual's “native” surface to the 32k-fs_LR surface. The
final BOLD time series was minimally smoothed with a Gaussian kernel (FWHM =2mm, ¢ =
0.85).

A.3 Midnight Scan Club (MSC) Acquisition and Processing Details

The acquisition and processing of this dataset have been mentioned in elaborative details in a
prior study (Gordon, Laumann, Gilmore, et al., 2017). Data were collected from ten healthy,
right-handed, young adult subjects (5 females; age: 24-34) recruited from the Washington
University community. The study was approved by the Washington University School of
Medicine Human Studies Committee and Institutional Review Board.

Imaging for each subject was performed on a Siemens TRIO 3T MRI scanner over the course of
12 sessions conducted on separate days, each beginning at midnight. Structural MRI was
conducted across two separate days. In total, four T1-weighted images (sagittal, 224 slices, 0.8
mm isotropic resolution, TE = 3.74 ms, TR = 2400 ms, Tl = 1000 ms, flip angle = 8 degrees),
four T2-weighted images (sagittal, 224 slices, 0.8 mm isotropic resolution, TE =479 ms, TR =
3200 ms) were obtained for each subject. On ten subsequent days, each subject underwent 1.5
hr of functional MRI scanning beginning at midnight. In each session, we first collected thirty
contiguous minutes of resting state fMRI data, in which subjects visually fixated on a white
crosshair presented against a black background. Each subject was then scanned during the
performance of three separate tasks: motor (2 runs per session, 7.8 min combined), incidental
memory (3 runs per session, 13.1 min combined), and mixed design (2 runs per session, 14.2
min combined). Across all sessions, each subject was scanned for 300 total minutes during the
resting state and approximately 350 total minutes during task performance. All functional
imaging was performed using a gradient-echo EPI sequence (TR =2.2 s, TE = 27 ms, flip angle
= 90°, voxel size =4 mm x 4 mm x 4 mm, 36 slices). In each session, one gradient echo field
map sequence was acquired with the same prescription as the functional images.

Following that, the preprocessed BOLD volumes were sampled to each subject's individual
“native” midthickness surface (generated as the average of the white and pial surfaces) using
the ribbon-constrained sampling procedure available in Connectome Workbench and then

deformed and resampled from the individual's “native” surface to the 32k-fs_LR surface. The
final BOLD time series was smoothed with a Gaussian kernel (FWHM = 6mm, o = 2.55).

A.4 Baby Connectome Project Acquisition and Processing Details

Details about the acquisition and processing of this dataset have been previously reported (Tu,
Wang, et al., 2024). Full-term (gestational age of 37-42 weeks) infants free of any major
pregnancy and delivery complications were recruited as part of the Baby Connectome Project
(Howell et al., 2019). All procedures were approved by the University of North Carolina at
Chapel Hill and the University of Minnesota Institutional Review Boards. Informed consent was
obtained from the parents of all participants. In the final cohort used following fMRI data quality
control, we retained 303 fMRI sessions from 178 individuals acquired during natural sleep. All
MRI images were acquired on a Siemens 3T Prisma scanner with a 32-channel head coil at the
University of Minnesota and the University of North Carolina at Chapel Hill during natural sleep
without the use of sedating medications. T1-weighted (TR=2400 ms, TE=2.24 ms, 0.8 mm
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isotropic; flip angle = 8°), T2-weighted images (TR=3200 ms, TE=564 ms, 0.8 mm isotropic),
spin echo field maps (SEFM) (TR=8000 ms, TE=66 ms, 2 mm isotropic, MB=1), and fMRI data
(TR=800 ms, TE=37 ms, 2 mm isotropic, MB=8) were collected. A mixture of
Anterior—Posterior (AP) and Posterior—Anterior (PA) phase encoding directions was used for
fMRI acquisition in each session, but they were concatenated into one time series. A subset of
data had a 720-ms TR.

Data processing used the DCAN-Labs infant-abcd-bids-pipeline (v0.0.22) which largely follows
the HCP processing(Glasser et al., 2013) and the steps described previously for the ABCD
dataset (Feczko et al., 2021). The processing steps were similar to the adult data except for the
use of infant-specific MNI templates to better register the structural data. In addition,
segmentation of the brain structures was conducted with Joint Label Fusion (JLF). The
toddler-specific brain mask and segmentation were substituted to the Freesurfer (Fischl, 2012)
pipeline to refine the white matter segmentation and guide the FreeSurfer surface delineation for
each individual scan session of each subject.The native surface data were then deformed to the
32k fs_LR template via a spherical registration.

For functional data processing, a scout image (frame 16 in each run) was selected from the
fMRI time series. The scout was distortion-corrected via spin-echo field maps, served as the
reference for motion correction via rigid-body realignment (Feczko et al., 2021), and was
registered to the native T1. Across-run intensity normalization to a whole-brain mode value of
10,000 was then performed. These steps were combined in a single resampling with the MNI
template transformation from the previous step, such that all fMRI frames were registered to the
infant MNI template. Manual inspection of image quality of structural and functional data was
conducted to exclude sessions with bad data quality. fMRI BOLD volumes were sampled to
native surfaces using a ribbon-constrained sampling procedure available in Connectome
Workbench and then deformed and resampled from the individual's “native” surface to the
32k-fs_LR surface. Additional steps to mitigate the non-neuronal sources of artifact including
demean/detrend, nuisance regression and bandpass filtering was conducted on the surface
data similar to the adults with a few minor differences: 1) gray matter signal based on the 91k
grayordinates in the 32k-fs_LR surface substituted the whole-brain signal in the nuisance
regression, 2) a respiratory notch filter (0.28-0.48 Hz) was applied to the motion parameter
estimates before FD calculation to minimize the inflation of FD values by the perturbation of
magnetic field from subject respiration in fast TR scans (Fair, 2020; Kaplan et al., 2022). The
data were originally minimally spatially smoothed with a geodesic 2D Gaussian kernel (o = 0.85
mm). A further smoothing with a geodesic 2D Gaussian kernel (g = 2.40 mm) was applied to
give a final effective smoothing of o = 2.55 mm.

A.5 Parcellation Atlases Used to Define Areas and Functional Networks in Each Dataset

The area parcellation atlases used for MSC data (Supplementary Figure A.5A) and BCP data
(Supplementary Figure A.5B) with their network assignments were reproduced below from the
original publications.
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Supplementary Figure A.5 Parcellations used for defining areas and networks for the MSC
and BCP datasets. A) Subject-specific parcellation and putative network identity of each parcel
for each MSC subject. Reproduced from Gordon, E. M., Laumann, T. O., Gilmore, A. W.,
Newbold, D. J., Greene, D. J., Berg, J. J., ... & Dosenbach, N. U. (2017). Precision functional
mapping of individual human brains. Neuron, 95(4), 791-807. Copyright 2017 by Elsevier Inc.
Default = Default mode. Med Vis = Medial Visual. Lat Vis = Lateral Visual. Vent Attn = Ventral
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Attention. SM = Somatomotor. Fronto-Par = Fronto-parietal. Dors Attn = Dorsal Attention. Ant
MTL = anterior medial temporal lobe. Posterior MTL = posterior medial temporal lobe. Par
Memory = Parietal memory. B) Group-average toddler parcellation.

A.6 Functional network priors from highly-sampled adult individuals

We reproduced the functional network priors figure calculated from 45 adult individuals (Lynch
et al., 2024) from the original publication and indexed them to the locations on the 2D latent
space.
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Supplementary Figure A.6 Functional priors and their location on the 2-D latent space.
The functional network priors reproduced from data shared by Lynch, C.J., Elbau, I.G., Ng, T. et
al. Frontostriatal salience network expansion in individuals in depression. Nature 633, 624—633
(2024).
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Section B. Model training details

B.1 Model architecture

The variational autoencoder consists of a total of 12 layers (Figure B.1). In the encoder network,
the size of the output image of each layer (from left to right) is 96x96x64 (32 channels per
hemisphere), 48x48x128, 24x24x128, 12x12x256, and 6x6x256; for the decoder network,
6x6x256, 12x12x256, 24x24x128, 48x48x128, and 96x96x64 (32 channels per image), from left
to right. The dimension of latent variables is 256. The convolution operations are defined as 1:
convolution (kernel size=8, stride=2, padding=3) with rectified nonlinearity, 2-5: convolution
(kernel size=4, stride=2, padding=1) with rectified nonlinearity, 6: fully-connected layer with
re-parametrization, 7: fully-connected layer with rectified nonlinearity, 8-11: transposed
convolution (kernel size=4, stride=2, padding=1) with rectified nonlinearity, 12: transposed
convolution (kernel size=8, stride=2, padding=3).

LR L R

Supplementary Figure B.1 Model Architecture. Adapted from Kim, J., Zhang, Y., Han, K., Wen,
Z., Choi, M., & Liu, Z. (2021). Representation learning of resting state fMRI with variational
autoencoder. Neurolmage, 241, 118423. Copyright 2021 by Elsevier Inc.

B.2 Reconstruction performance

We demonstrate that the original FC profiles from vertices, areas, functional networks, or even
functional network priors can be embedded and reconstructed using the VAE encoder and
decoder, as shown in a test subject from the WU120 dataset (Supplementary Figure B.2). It is
important to note that perfect reconstruction may not be ideal, as the original data could contain
noise. The reconstructed data might therefore represent a denoised version of the original data.
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Supplementary Figure B.2 Original and reconstructed FC profiles from the beta-VAE model. A)
from a vertex, B) from an area, C) from a functional network, and D) from group-averaged
functional network connectivity (a.k.a. functional network priors). A-C is from one example
subject in WU120. D is reproduced from data shared by Lynch, C.J., Elbau, I.G., Ng, T. et al.
Frontostriatal salience network expansion in individuals in depression. Nature 633, 624—633
(2024).

B.3 Hyperparameter tuning

Our goal was to learn a regularized latent space that would generalize well to unseen data
without significantly compromising reconstruction accuracy. To achieve this, we evaluated the
reconstruction loss and KL divergence in models with B values ranging from 1 to 250. We found
that B = 20 offered a good balance between reconstruction performance and KL divergence on
the validation data, as shown in Supplementary Figure B.3.
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Supplementary Figure B.3 Hyperparameter tuning. A) Reconstruction loss and
Kullback-Leibler divergence for different beta values in the training data. B) Reconstruction loss
and Kullback-Leibler divergence for different beta values in the validation data.
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Section C. VAE Latent Space with Different Numbers of Dimensions.

We observed that the mean silhouette index (Sl) in the 2D latent space was significantly above
zero for the average FC profile embedding from 286 areas within 12 networks across 94 HCP
subjects (Figure 4). However, it was lower than the Sl in the original vertex space using the
correlational distance. To investigate whether certain networks would be better segregated with
more latent dimensions, we replicated Figure 4 using latent dimensions of 3, 4, 8, 16, and 32.
We found that both the mean Sl and the correlation between distances in the latent space and
vertex space increased sharply from 2 to 4 dimensions (Supplementary Figure C.1-1). The
values peaked around 8 dimensions before decreasing with further increases in latent
dimensions. Some networks, such as the parietal memory and fronto-parietal networks, as well
as the somatomotor hand and foot networks, become more segregated at higher dimensions
(Supplementary Figure C.1-2). Therefore, the 4-dimensional VAE latent space could be
particularly useful for visualizing these finer separations that were not well captured in 2
dimensions (Figure 4).
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Supplementary Figure C.1-1 VAE Latent Space with Different Numbers of Dimensions. A)
Mean Sl across all areas in the 12 networks using Euclidean distance between the embeddings
in the latent space. B) Average correlation between the (correlational) distance in the vertex
space and the (Euclidean) distance in the latent space. The line plot shows the metric
calculated with the whole 94 subject sample, and the error bars show the 95% bootstrapped
confidence interval.
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Supplementary Figure C.1-2 Separation of functional connectivity profiles by functional
networks in the average of 94 HCP subjects (Rest1) - 3 dimensions. A) The FC profile latent
embeddings with three dimensions in VAE. Each circle represents each area parcel's mean
functional connectivity profile across Rest1 sessions of 94 subjects. B) The mean Euclidean
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distance between the latent representations of the average across 94 subjects. C) The mean
silhouette index for each functional network based on the Euclidean distance in B.
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Supplementary Figure C.1-3 Separation of functional connectivity profiles by functional
networks in the average of 94 HCP subjects (Rest1) - 4 dimensions. A) The FC profile latent
embeddings with three dimensions in VAE. Each circle represents each area parcel's mean
functional connectivity profile across Rest1 sessions of 94 subjects. B) The mean Euclidean
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distance between the latent representations of the average across 94 subjects. C) The mean
silhouette index for each functional network based on the Euclidean distance in B.

Section D. Comparison to Alternative Autoencoder-based and Linear Dimensionality Reduction
Methods

D.1 Alternative Autoencoder-based and Linear Dimensionality Reduction Methods

We selected the beta-VAE for its previously demonstrated ability to disentangle interpretable
factors from images and to learn a continuous latent space for generating new data (Higgins et
al., 2017). For the sake of completeness, we also tested the dimensionality of the FC profiles
using a conventional autoencoder (Supplementary Figure D.1B), which learns a deterministic
latent representation instead of a distribution, and an adversarial autoencoder (Makhzani et al.,
2016) (Supplementary Figure D.1C), which employs a generative adversarial network
(Goodfellow et al., 2014) based architecture to regularize the latent space.
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Figure D.1 Autoencoder variants. A) Variational autoencoder. B) Autoencoder. C) Adversarial
autoencoder. Blue and red boxes stand for the input images from left and right hemispheres,
respectively. Adapted from Kim, J., Zhang, Y., Han, K., Wen, Z., Choi, M., \& Liu, Z. (2021).
Representation learning of resting state fMRI with variational autoencoder. Neurolmage, 241,
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118423. Copyright 2021 by Elsevier Inc. and Makhzani, A., Shlens, J., Jaitly, N., Goodfellow, .,
Frey, B., ICLR 2016. Adversarial Autoencoders.

We chose principal component analysis (PCA) and independent component analysis (ICA) as
alternative linear dimensionality reduction methods. PCA employs Singular Value
Decomposition of the data, retaining only the most significant singular vectors to project the data
into a lower dimensional space. ICA aims to decompose the data into a set of independent
spatial maps. For memory management purposes, we performed PCA using incremental PCA
(IPCA) from the Scikit-learn package (v1.3.2) in Python 3.8 (Golub & Loan, 2013; Ross et al.,
2008). IPCA builds a low-rank approximation of the input data while using a constant memory
amount regardless of the number of samples. ICA was then performed on the reduced data with
the first 100 principal components using FastICA in Scikit-learn. To maintain fairness across
algorithms, we provided the geometrically reformatted FC profile (from the 192 x 192 grid) to
PCA and ICA instead of the original FC profile.

D.2 Single Latent Traversal

As before, we varied the magnitude of one latent dimension while keeping the other latent
dimension fixed at zero. The most prominent divisions between sensorimotor networks and
association networks (Margulies et al., 2016; Sydnor et al., 2021), as well as between
task-positive to task-negative networks (Buckner et al., 2008; M. D. Fox et al., 2005; Raichle,
2015), remained evident in most of the autoencoder-based and linear dimensionality reduction
methods. However, only the VAE models, both with regularization ( = 20) and without
regularization (B = 1), were capable of demonstrating the subtle transitions across the
somatomotor networks.
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Supplementary Figure D.2. Single latent traversal. The reconstructed FC profiles from latent
values of one dimension varied in equal steps from one end to the other end and the other
dimension fixed to 0. A) VAE (B = 20), B) VAE (B = 1), C) AAE, D) AE, E) PCA, F) ICA.

D.3 Functional Networks Organization in the Latent Space

At two dimensions, the average Sl for VAE (3 = 20) best separated the functional networks with
a mean Sl of 0.086 (95% CI: [0.066, 0.099]), higher than the VAE (B = 1) (0.044, 95% CI: [0.015,
0.063]), AAE (0.035, 95% CI: [0.006,0.054]), AE (0.014, 95% CI: [-0.018,0.030]), PCA (

7 X 10_4, 95% CI: [-0.016, 0.009]) and ICA (-0.010, 95% CI: [-0.028, 0.001]) (Supplementary
Figure D.3-1 & D.3-2).
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Supplementary Figure D.3-1. Separation of functional connectivity profiles by functional
networks in the average of 94 HCP subjects (Rest1). A) Gordon network assignments for
286 area parcels. B) The FC profile latent representations with two dimensions in VAE. Each
circle represents each area parcel's mean functional connectivity profile across Rest1 sessions
of 94 subjects. Each dot represents each area parcel from one subject. C) The mean Euclidean
distance between the latent representations of the average across 94 subjects. D-O) Same as
B-C for alternative dimensionality reduction methods. The individual dots were displayed here to
demonstrate the intersubject variability in FC profile embeddings but the distance matrices (e.g.
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panel B) were generated using the average FC profile embeddings across subjects (circles in

panel A).
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Supplementary Figure D.3-2 Silhouette index for each functional network based on the
Euclidean distance between FC embeddings in the latent space from various dimensionality
reduction methods.

D.4 Reconstruction Performance

Reconstruction performance was calculated with n?, namely, the fraction of variance in the
original FC profile accounted for by variance in the reconstructed FC profile on a point-by-point
basis (Cohen et al., 2008). n? ranged from 0 (no similarity) to 1 (identical) and is formally defined

by:
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n 2 2
2 =1 — _SSWithin. =1 — El[(ai_mi) +(bi_mi)]

n Total g: [(ai_ﬁ)z + (bi—ﬁ)z]

i=1

where a, and bl, represent the values at position i in maps a and b, respectively. m, is the mean

a+b — .
value of the two images at position i, ——. M is the grand mean value across the mean image

m. Self-connectivity at all positions was excluded. This similarity matrix is sensitive to the
difference in a and b in scales and offsets. For convenience, we used the inversely formatted

FC profiles from the 2D image in Figure 1A as the reference ground truth data (n2 > 0.99) to
the original data) to be compared with the reconstructed data from latent representations. We
computed the reconstruction performance on the FC profiles from each of the 333 area parcels
(Gordon et al., 2016) in the 10 test subjects in the WU120 dataset and the two sessions (Rest1
and Rest2) for the 94 test subjects in the HCP dataset to test the out-of-sample and
out-of-distribution generalization, respectively. A good latent representation should reflect a
trait-like property of the subject and minimize across session variation, yet distinguishable from
other subjects. Since the HCP data had two sessions, we calculated two additional reference

measure: 1) the nz between the original data in HCP Rest1 and HCP Rest2 of the same subject,

which provides the noise ceiling of the reconstruction, and 2) the nZ between each subject to the
rest 93 subjects in each session (and then averaged across the Rest1 and Rest2 sessions),
which provides the mean baseline.

In the reconstructed FC profile from one example area parcel (parcel 15 in the medial visual
cortex, Supplementary Figure D.4-1, a general trend for more detailed variations in
reconstruction FC was observed with an increasing number of dimensions (Supplementary
Figure D.4-1A). Overall, the mean reconstruction performance across all parcels in each
individual was similar across methods. Autoencoder-based latent representations provided
better reconstruction performance when the latent representation had only 2 dimensions
(Supplementary Figure D.4-1B) while linear methods provided marginally better reconstruction
performance at 32 dimensions (Supplementary Figure D.4-1D). In all cases, the reconstruction
performance from the latent representations was, on average higher than the mean baseline,
suggesting that the latent representations captured individual-specific features in additional to
group-average features. With 32 dimensions, the reconstruction performance was approaching
the noise ceiling Supplementary Figure D4-1D). This observation persisted when each
individual subject’s average reconstruction performance was normalized to their own noise
ceiling (Supplementary Figure D.4-2).
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Supplementary Figure D.4-1. Reconstruction performance comparison across dimensionality
reduction methods. A) Visualization of the original and reconstructed FC profiles from parcel 15
in an example subject (subject 111). B-D) The reconstruction performance for all subjects in the
HCP and WU120 test datasets. Green line: HCP Rest1, Red line: HCP Rest2, Blue line:
WU120. Gray shaded area: mean and standard deviation of the noise ceiling and the mean
baseline across 94 HCP subjects. N.B.: 333 parcels always have 333 dimensions and were
repeatedly displayed in all three panels as a reference. VAE = variational autoencoder. AAE =
adversarial autoencoder. AE = autoencoder. PCA = principal component analysis. ICA =
independent component analysis.
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Supplementary Figure D.4-2. Reconstruction performance of the HCP sessions (188 sessions
across 94 subjects) normalized to the noise ceiling. Green line: HCP Rest1, Red line: HCP
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Rest2, Blue line: WU120. Gray shaded area: mean and standard deviation of the noise ceiling
and the mean baseline. N.B.: 333 parcels always have 333 dimensions and were repeatedly
displayed in all three panels as a reference. VAE = variational autoencoder. AAE = adversarial
autoencoder. AE = autoencoder. PCA = principal component analysis. ICA = independent
component analysis.
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