Journal Pre-proof %
Neurolmage

A simple but tough-to-beat baseline for fMRI time-series classification

Pavel Popov, Usman Mahmood, Zening Fu, Carl Yang, Vince Calhoun,
Sergey Plis

PII: S1053-8119(24)00406-3
DOI: https://doi.org/10.1016/j.neuroimage.2024.120909
Reference: YNIMG 120909

To appear in:  Neurolmage

Received date: 1 June 2024
Revised date: 29 October 2024
Accepted date: 29 October 2024

Please cite this article as: P. Popov, U. Mahmood, Z. Fu et al., A simple but tough-to-beat baseline
for fMRI time-series classification. Neurolmage (2024), doi:
https://doi.org/10.1016/j.neuroimage.2024.1209009.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the
addition of a cover page and metadata, and formatting for readability, but it is not yet the definitive
version of record. This version will undergo additional copyediting, typesetting and review before it
is published in its final form, but we are providing this version to give early visibility of the article.
Please note that, during the production process, errors may be discovered which could affect the
content, and all legal disclaimers that apply to the journal pertain.

© 2024 Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.neuroimage.2024.120909
https://doi.org/10.1016/j.neuroimage.2024.120909
http://creativecommons.org/licenses/by-nc-nd/4.0/

Revised manuscript clean version Click here to view linked References &

A Simple but Tough-to-Beat Baseline for fMRI Time-series Classification

abl Jsman Mahmood?, Zening Fu*®, Carl Yang®, Vince Calhoun®®, Sergey Plis*®

Pavel Popov
@ TReNDS Center, Georgia State University, Georgia Institute of Technology, Emory University , Atlanta, 30303, GA, USA
b Georgia State University , Atlanta, 30303, GA, USA
¢ Emory University , Atlanta, 30303, GA, USA

Abstract

Current neuroimaging studies frequently use complex machine learning models to classify human fMRI data, distinguishing healthy
and disordered brains, often to validate new methods or enhance prediction accuracy. Yet, where prediction accuracy is a concern,
our results suggest that precision in prediction does not always require such sophistication. When a classifier as simple as logistic
regression is applied to feature-engineered fMRI data, it can match or even outperform more sophisticated recent models. Classi-
fication of the raw time series fMRI data generally benefits from complex parameter-rich models. However, this complexity often
pushes them into the class of black-box models. Yet, we found that a relatively simple model can consistently outperform much
more complex classifiers in both accuracy and speed. This model applies the same multi-layer perceptron repeatedly across time
and averages the results. Thus, the complexity and black-box nature of the parameter rich models, often perceived as a necessary
trade-oft for higher performance, do not invariably yield superior results on fMRI.

Given the success of straightforward approaches, we challenge the merit of research that concentrates solely on complex model
development driven by classification. Instead, we advocate for increased focus on designing models that prioritize the explain-
ability of fMRI data or pursue applicable objectives beyond mere classification accuracy, unless they significantly outperform
logistic regression or our proposed model. To validate our claim, we explore possible reasons for the superior performance of our
straightforward model by examining the innate characteristics of fMRI time series data. Our findings suggest that the sequential
information hidden in the temporal order may be far less important for the accurate fMRI classification than the stand-alone pieces
of information scattered across the frames of the time series.

Keywords: resting-state fMRI, data explainability, machine learning, deep learning, brain disorders, predictive neuroimaging

1. Introduction can be derived either from an anatomical atlas (Desikan et al.,
2006; Schaefer et al., 2017) (region of interest (ROI) parcella-
tion), resulting in separate, typically non-overlapping parcels or
from the data itself, e.g., by using independent component anal-
ysis (Fuetal., 2019) (ICA parcellation) resulting in overlapping
whole brain networks. Functional network connectivity (FNC)
captures the correlations of activity between brain regions (van
den Heuvel and Hulshoff Pol, 2010); it is typically derived by
computing Pearson cross-correlation matrices from the fMRI
time series.

Novel approaches for analyzing human brain fMRI data are
rapidly being developed. Often their aim is to deepen our under-
standing of the inner workings of the human brain with the aim
of identifying biomarkers of brain disorders. Machine learn-
ing (ML) techniques have been widely used to improve diag-
nostic sensitivity in a range of disorders including (Liu et al.,
2021a; Bondi et al., 2023; de Filippis et al., 2019; Warren and
Moustafa, 2023), or to predict an individuals sex and age (Ye-
ung et al., 2023) or behavioral assessment. However, advanced
approaches often suffer from a lack of fMRI data explainabil- Historically, the majority of models for fMRI data were de-
ity due to difficulties associated with both ML models inter- signed to work with the FNC data (KhOSld et al., 2019’ Rish

pretability and the high dimensionality and low signal to noise et al., 2009; Shen et al., 2010; Arbabshirani et al., 2013). Some
ratio of the data itself.

Current ML models working with the brain fMRI data
have been used to analyze time series data as well as func-
tional connectivity. Time series fMRI captures the dynamics

of the earlier attempts to utilize the ML models for brain dis-
orders classification were applying classic techniques, such
as logistic regression (Cox, 1958), support vector machines
(Boser et al., 1992), naive bayes, or k-nearest neighbor (Fix
of blood-oxygenation-level-dependent (BOLD) signals in the and Hodges, 1989), to the FNC data computed either from the
brain (Kundu et al., 2017), which correlate with the brain activ- voxel-level or parcellated fMRI time series. These approaches

ity. While fMRI images are captl.lred at the voxel level in the typically made conclusions about the links between brain func-
3D space, they are often summarized (parcellated) by averag- (o and brain disorders via the analysis of the most discrimi-
ing the signals within brain regions or networks. These regions native features in the data. More recently, deep learning tech-
niques such as convolutional neural networks (CNNs) (Kawa-
! Corresponding author. E-mail address: ppopovi@gsu.edu hara et al., 2017), graph neural networks (Kan et al., 2022a),

Preprint submitted to Neurolmage October 29, 2024



and transformer (Kan et al., 2022b) modules, have been used to
take into account additional prior knowledge about the brain,
such as topological relations between the FNC components
(Kawahara et al., 2017; Bannadabhavi et al., 2023). However
the new models have similar, or even greater challenges with
providing interpretable results.

At the same time, the advances of deep learning techniques
allowed the development of models that work with fMRI time
series. Some recent models have even made attempts to
work directly with the volume unparcellated fMRI time series
(Huang et al., 2021; Malkiel et al., 2022; Kim et al., 2023). In
line with the latest trends in machine learning, Caro et al. (2023)
recently introduced a huge foundation model for fMRI analysis.
Many models also focus on directly learning the functional re-
lationship in fMRI time series with a flexible model rather than
using Pearson correlation. This idea is illustrated in dynam-
ics of recent models of fMRI time series that focus on learning
the effective connectivity matrices rather than rigidly estimat-
ing them (Mahmood et al., 2021; Kan et al., 2022a; Mahmood
et al., 2022, 2023). In these cases, the effective FNC can be
learned for a specific classification task; potentially providing
a more interpretable and discriminative functional connectivity
profile. However, in this paper we show that logistic regression
trained on statistically derived FNC data results in classification
performance comparable to or surpassing that of more complex
and recent models. In this context, working with the fMRI time
series appears to be more challenging in terms of model archi-
tecture design and rewarding for data explainability.

In this work we present a relatively simple model based on
multi-layer perceptron (MLP) for classification on the fMRI
time series that we call meanMLP. We show in extensive com-
parisons that our model is capable of accurate fMRI classifi-
cation. More interestingly, our model’s performance is com-
parable, and often even superior, to that of much more intri-
cate models for fMRI time series in terms of both accuracy and
speed. The use of the MLP-only architecture was initially in-
spired by the recent spark in interest to the models with little
inductive bias, i.e. the models with less restrictive characteris-
tics embedded in their architecture. As such, in the recent works
the MLP-only architectures were tested on the vision problem
(Tolstikhin et al., 2021; Bachmann et al., 2023) and found to be
quite efficient compared to more conventional CNN and Trans-
former architectures. In this context, meanMLP represents an
MLP-only architecture for the time series classification, which
can be viewed as a trivialized version of RNN architecture with
no information flow between the input time points. The classi-
fication success and simplicity of our model puts it in a close
reference to the linear models for time forecasting recently ex-
plored by Zeng et al. (2022).

Considering the classification success of our simplistic ap-
proach, we believe that a greater emphasis in the future ML re-
search in application to neuroimaging should be put on matters
beyond classification accuracy, e.g., the problem of fMRI data
explainability. To support this idea, and to find an explanation
for our model’s success, we explored the properties of the fMRI
time series. By analyzing the influence of different preprocess-
ing techniques and time-shuffling on the models’ performance,

we provide empirical evidence that the dynamical information
embedded in the temporal order may be far less important for an
accurate fMRI classification than it is commonly believed, and
sufficiently discriminative features in the data might be simply
dispersed across the frames of the time series.

2. Methods

In this section we introduce our baseline model that turned

out surprisingly strong, the other models we used in our experi-
ments for comparisons, the fMRI datasets and their preprocess-
ing pipeline, and the experiment designs we used to evaluate
and analyze our models and the data they work with.
Data and Code Availability. The model implementations and
the experimental setup used in our work can be found at https:
//github.com/neuroneural/meanMLP. This work does not
introduce any new datasets; all datasets used in our work are
properly referenced further in the text.

2.1. Models

In our work we benchmarked a total of 11 models, 7 of
which were specifically designed for classification on fMRI
data (Mahmood et al., 2020, 2022; Kawahara et al., 2017; Kan
et al., 2022a,b; Bedel et al., 2023; Mahmood et al., 2023). Here
we will first briefly review the models that work with fMRI
time series, starting with introducing our model, and then move
to the models that work with the FNC input.

2.1.1. meanMLP model
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Figure 1: Schematic view of the forward pass of the meanMLP model. Note:
different time points in the input data propagate through the same MLP block
with the same weights, what is often referred to as parameter tying.



A schematic view of the meanMLP model is shown in Fig. 1.
meanMLP model consists of a notably simple two layer MLP,
with dropout rate and hidden state size d as hyperparameters.
To describe the model more rigorously, let a single fMRI time
series sample be {x, y}, x € R7,y € RC, where T is the number
of time points, k is the input feature size (#ROIs/#ICs), and C
is the number of classes. In the meanMLP model, each time
point x, € R¥, ¢ € {1,2,...,T} is processed by the same MLP
independently. The following set of equations summarizes the
model’s forward propagation:

aﬁo) = Dropout (ReLU (Layer Norm (W‘O)x, + b(o)))) s
WO g RBk p® ¢ e,

h;l) — W(l)a§0) +b0,
W e RO p(1 e RE;
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9 = Softmax(fmean)-

Here § € RC is the model’s prediction for the sample x.

We notice that the mean operation used to calculate /peqan
makes the model permutation invariant on and thus insensitive
to the time order in the data; it is possible to reshuffle the data
along the time axis with no effect on model’s output. Also, the
mean operation likely allows the model to even out the noise in
the otherwise fairly noisy fMRI time series; a similar technique
was used before by Dvornek et al. (2017) in an LSTM design
for fMRI classification.

2.1.2. Existing models for fMRI time series

Last decade advancements in deep learning have led to the
development of various models for brain fMRI data that utilize
RNNs, CNNs, and Transformer modules (Valliani et al., 2019).
In our work we use a few of such models to compare the per-
formance of meanMLP model.
Long Short-Term Memory (LSTM) is a long-history recurrent
neural network widely used for the sequence data, such as time
series (Hochreiter and Schmidhuber, 1997). In our work we use
it to compare the meanMLP model with some relatively simple
and general models. In our implementation of an LSTM clas-
sifier we used an LSTM block (Hochreiter and Schmidhuber,
1997) followed by a fully connected (FC) layer that performed
classification on the last output embedding of LSTM block, or
concatenated first and last embedding in bidirectional LSTMs
(bidirectionality was treated as a hyperparameter).

meanLLSTM, a modification of the LSTM model, follows the
same design, with the exception of using a mean output LSTM
embedding for classification. Such averaging is supposed to
bridge meanMLP and LSTM models, placing meanLSTM and
its expected behavior somewhere in between these two. We
note that this design is more similar to the LSTM design for
fMRI classification presented in (Dvornek et al., 2017), which
may be more known in the neuroimaging society compared to
the more traditional design above.

Transformer model, another general architecture we used in
model comparisons, received a significant attention in the last
decade that uses self-attention mechanism (Vaswani et al.,
2017). In our implementation we used a BERT-like transformer
encoder architecture (Devlin et al., 2019) for classification on
fMRI time series. We used a transformer encoder, preceded by
an FC layer and ReLU that transformed the input fMRI features
at each time point to the input embeddings of the encoder, and a
sine-wave positional encoding block. On top of the encoder we
added an FC layer for classification on the first output encoder
embedding.

Similarly to the meanLSTM model, meanTransformer mim-
ics the Transformer model architecture, with the exception of
using the mean output encoder embedding for classification.
Mutual information local to context (MILC) model intro-
duced in (Mahmood et al., 2020) is a classification-focused
model for fMRI time series that uses CNN modules. MILC
utilizes a 1D CNN encoder to extract representations of time
windows obtained by sliding a window of fixed length across
time of fMRI time series. The outputs of the CNN are passed to
a bidirectional LSTM, followed by an attention module that as-
signs weights for the LSTM outputs. A weighted sum of LSTM
outputs is then used in classification. An interesting feature of
the MILC model is that it allows for pre-training of the CNN en-
coder on unrelated fMRI data, that helps to improve the overall
model performance.

Directed Instantaneous Connectivity Estimator (DICE)
(Mahmood et al., 2022), another model for the fMRI time se-
ries, takes a different approach by focusing on not only the
classification performance, but also the data explainability. In
DICE, the each features’ time series is passed through a bidi-
rectional LSTM to infer the feature’s embedding at each time
point. These embeddings are then passed through a self-atten-
tion mechanism to retrieve the spatial relations between em-
beddings at each time point. Finally, the DICE model utilizes
a global temporal attention module to derive a task-specific
global directed network connectivity (DNC), which is more
task-related compared to statistically derived FNC matrices,
and allows for better interpretablility. Besides that, global DNC
is also used in classification.

Glacier, a transformer-based model (Mahmood et al., 2023),
implements an approach quite similar to DICE, both in goals
and design. However, where DICE utilizes LSTM for deriving
latent states of brain regions at each time point, Glacier uses
a transformer encoder. In the end, this model also estimates a
global DNC matrix that shows more task-related interactions.
BOLD Transformer (BolT) is another transformer-based mo-
del for fMRI time series (Bedel et al., 2023). Unlike vanilla
transformers that process the whole time series globally, BolT
implements a hierarchical approach by splitting the time se-
ries into overlapping windows and passing them through cas-
cade of transformers. Apart from better efficiency at process-
ing long time series, such approach allows it to derive features
in a local-to-global manner by fusing and transforming tokens
from neighboring windows until a global token is derived. This
global token then can be used both for classification and as a
reference for detection of the most predictive time points, which



Table 1: Information on the datasets used in the experiments. ICA parcellated datasets have 53 features at each time point; Schaefer 200 ROI parcellated datasets
have 200 features.

Dataset ‘ Category ‘ Parcellation ‘ Subjects ‘ Time length ‘ # classes
FBIRN (Keator et al., 2016) Schizophrenia ICA 311 140 2
COBRE (Cetin et al., 2014) Schizophrenia ICA 157 140 2
BSNIP (Tamminga et al., 2014) | Schizophrenia ICA 589 230 2
ABIDE (Di Martino et al., 2014) Autism ICA 869 295 2
OASIS (Rubin et al., 1998) Alzheimer ICA 823 156 2
ADNI (Petersen et al., 2010) Alzheimer ICA 499 194 2
HCP (Van Essen et al., 2013) Sex ICA 833 1185 2
UK Biobank (UKB-S) Sex ICA 35852 490 2
UK Biobank (UKB-SA) Sex®Age bins ICA 35852 490 20
FBIRN Schizophrenia | Schaefer 200 311 160 2
ABIDE Autism Schaefer 200 871 316 2
HCP Sex Schaefer 200 752 1200 2

can be further investigated to derive explanations on data.
SwiFT, a Swin transformer-based model (Kim et al., 2023), is
another type of hierarchical transformer developed for volume
(unparcellated) fMRI time series. SwiFT extends the architec-
ture of sliding window visual transformers (Liu et al., 2021b) to
process 4D fMRI data. Similar to BolT, its hierarchical struc-
ture is designed to capture longer sequential features more ef-
fectively. Additionally, by working with unparcellated fMRI
data, SwiFT has the potential to capture finer spatio-temporal
features, which are unavailable to models working with parcel-
lated data.

2.1.3. FNC models

The rest of the models we used in our comparisons utilize
FNC fMRI data, either exclusively or as an addition to the time
series input.
BrainNetCNN (Kawahara et al., 2017) is a classification-
focused model for the FNC fMRI input that uses CNN modules.
While originally it was designed for diffusion tensor imaging
(DTI) data, it can be seamlessly adapted for the FNC fMRI in-
put. BrainNetCNN uses special-shaped CNN patches that are
designed for the brain network connectivity data. Edge-to-edge
layers use cross-shaped patches on the FNC matrix to produce
several channels of refined node connections. Edge-to-node
layers use strip patches to produce a vector of node outputs.
Node-to-graph layers use strip patches to produce a single gen-
eralized node output. The final CNN output is used for classifi-
cation.
Functional Brain Network Generation (FBNetGen) model
(Kan et al., 2022a) takes an approach very similar to DICE by
deriving DNC matrices from the fMRI time series input. In
FBNetGen, each feature’s time series is split into adjacent win-
dows and passed through a bidirectional GRU. The softmax of
the final GRU output is interpreted as a global feature embed-
ding. The DNC matrix is then derived as an outer product of
feature embeddings. However, unlike DICE, FBNetGen uses
the derived DNC along with the FNC data to provide the fi-
nal prediction by passing them to a graph convolution network-

based predictor (Kipf and Welling, 2016). For this reason we
include FBNetGen in the FNC model category.
Brain Network Transformer (Kan et al., 2022b), further re-
ferred to as BNT, models the brain networks as a graph, treat-
ing the correlation profiles from the FNC matrices as node em-
beddings and brain regions as nodes. BNT utilizes a multi-
layer multi-head self-attention module typical for transform-
ers (Vaswani et al., 2017) to compute the enhanced network
connectivity from the FNC fMRI input. It then compresses
the enhanced nodes into graph embeddings by clustering func-
tionally similar nodes using an orthonormal clustering readout
(OCRead), a graph readout function designed by the authors of
BNT specifically for the fMRI data. The BNT has been shown
to outperform various alternative models of different architec-
tural types, including SAN (Kreuzer et al., 2021), Graphomer
(Ying et al., 2021), BrainGNN (Li et al., 2021), BrainGB (Cui
etal., 2023), BrainNetCNN, FBNetGEN, and DGM (Kazi et al.,
2023).
Logistic regression (LR) fills the niche of a simpler and gen-
eral use model that we used as a baseline for other FNC models.
In our work we employed a scikit-learn implementation (Pe-
dregosa et al., 2011) with default hyperparameters, using flat-
tened upper FNC triangles as input.

To summarize, in our work we used 8 classification model
for fMRI time series input:

o meanMLP, our proposed hard-to-beat baseline;

o LSTM, a general model for sequences;

e Transformer, another general model for sequences;

o MILC, a classification-focused model designed for fMRI;

e DICE, an interpretability-focused model for fMRI that
learns directed connectivity;

o Glacier, another interpretability-focused model for fMRI
that learns directed connectivity;

e BolT, an hierarchical transformer model for fMRI that can
reveal most discriminative time points;
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Figure 2: (a) Schematic flowchart of the general fMRI data preprocessing pipeline used to obtain ICA or ROI parcellated data. (b) Schematic flowchart of the

additional HCP data preprocessing pipeline.

o SwiFT, another hierarchical transformer model that works
directly with the volume fMRI time series;

and 4 models for FNC fMRI input:

e BrainNetCNN, a classification-focused model designed
for DTI data, but adaptable for FNC fMRI;

o FBNetGen, an interpretability-focused model that derives
DNC from the fMRI time series and uses it with FNC
fMRI for classification;

e BNT, a transformer/graph model for FNC fMRI with
some interpretability in mind;

e LR, a simpler general model used as a baseline for other
FNC models.

2.2. Datasets

We used resting-state fMRI images collected from FBIRN
(Function Biomedical Informatics Research Network) (Keator
et al., 2016), COBRE (Center of Biomedical Research Excel-
lence) (Cetin et al., 2014), BSNIP (Bipolar and Schizophre-
nia Network for Intermediate Phenotypes) (Tamminga et al.,
2014), ABIDE (Autism Brain Imaging Data Exchange, release
1.0) (Di Martino et al., 2014), OASIS (Open Access Series
of Imaging Studies, release 3.0) (Rubin et al., 1998), ADNI
(Alzheimer’s Disease Neuroimaging Initiative) (Petersen et al.,

2010), HCP (Human Connectome Project, 1200 subjects re-
lease) (Van Essen et al., 2013), and UK Biobank?. Information
about these datasets is shown in Table 1.

2.2.1. Preprocessing pipeline

All images from the datasets other than HCP and UKB were
preprocessed using statistical parametric mapping (SPM12%)
under MATLAB 2022 environment. A rigid body motion cor-
rection was performed using the toolbox in SPM to correct
subject head motion, followed by the slice-timing correction
to account for timing difference in slice acquisition. The fMRI
data were subsequently warped into the standard Montreal Neu-
rological Institute (MNI) space using an echo planar imaging
(EPI) template and were slightly resampled to 3 x 3 x 3 mm?
isotropic voxels. The resampled fMRI images were finally
smoothed using a Gaussian kernel with a full width at half max-
imum (FWHM) = 6 mm.

For the images coming from UKB and HCP datasets, we used
the minimally preprocessed data from the repository prepared
according to Glasser et al. (2013). Like the rest of the datasets,
we normalized them into the MNI space and smoothed with a 6
mm Gaussian kernel.

We further employed two brain parcellation techniques, one
based on deriving the regions from the fMRI data using ICA

2https://biobank.ndph.ox.ac.uk/ukb/
3http://www.£il.ion.ucl.ac.uk/spm/



(ICA parcellation), and another based on using regions of in-
terest from a predefined brain atlas for comparison (ROI par-
cellation). For the ICA parcellation, we used the Neuromark
pipeline described by Du et al. (2020) to extract 53 independent
components. For the ROI parcellation, we used Schaefer’s 200
regions atlas to extract the average signals from the ROIs; the
voxel-level data was preliminarily denoised using FSL’s FIX-
ICA technique (Jenkinson et al., 2012). The flowchart of this
pre-processing pipeline is shown in Fig. 2(a).

For the UK Biobank dataset on ‘Sex ® Age bins’ category
we split the subjects into 10 equally wide 4-years age bins (ages
between 30 and 70), and then further split these bins according
to subjects’ sex.

For the models expecting the FNC fMRI as their input we
computed Pearson correlation matrices from the fMRI time se-
ries for each subject.

For the SwiFT model designed for volume fMRI input we
used the minimally preprocessed HCP data warped to the MNI
space and the minimally preprocessed FBIRN data warped to
MNI space and resampled to the HCP data grid. For the mod-
els used in comparisons with SwiFT we parcellated the prepro-
cessed data using Schaefer 400 ROIs atlas.

2.2.2. Additional HCP preprocessing pipeline

To analyze the influence of the data preprocessing techniques
on the models’ performance we prepared a few differently pre-
processed additional HCP datasets. All HCP images were min-
imally pre-processed using AFNI toolbox (Cox, 1996; Cox and
Hyde, 1997), which included field map correction, despiking,
motion and slice-timing correction, and coregistration with the
T1 images. Then, minimally preprocessed data was warped to
an MNI template. The following steps, however, were differ-
ent across different versions of the dataset. The flowchart on
Fig. 2(b) summarizes these additional pipelines.

To assess the influence of the MNI projection, we prepared
two versions of the HCP dataset using Desian-Killiany (DK)
brain atlases generated by Freesurfer for each sample in the
dataset. In the original version of the dataset we extracted the
average ROI signals from the minimally pre-processed HCP
data in the original subjects space. In the MNI version of the
dataset we warped the minimally pre-processed HCP data and
DK atlases to the MNI template, and only then extracted the
ROI signals.

To assess the influence of the brain atlases used for ROI
parcellation, we prepared an additional version of the Schae-
fer 200 ROI HCP dataset to compare it to the DK ROI HCP
data. We call this version "noisy" to distinguish it from the
Schaefer 200 ROI HCP dataset preprocessed according to the
general pipeline. For this dataset we warped the minimally pre-
processed HCP data to the MNI template, and then extracted
the ROI signals using Schaefer 200 ROI atlas.

In addition to that, in order to analyze the models ability to
distinguish the time direction in the data we prepared a special
dataset based on HCP ICA data. For this, we took a random half
of the samples from the dataset and labeled them as Os; then, we
took the samples from the other half, flipped them along time
axis, and labeled them as 5.

2.3. Experimental setup

In our experiments we tested how well the models can train
on the fMRI datasets, analyzed their performance on differently
preprocessed data and data with a reshuffled temporal order, and
looked into the models’ spatial attention to reveal the regions
important for the accurate classification.

2.3.1. Hyperparameter tuning

Before running the experiments with meanMLP, LSTM, and
Transformer models, we needed to find an optimal set of hy-
perparameters (HPs) for them. For this purpose we singled out
a 1/30™ portion of the UKB dataset for the tuning and ran 400
iterations of HP search for each model. In each iteration we ran-
domly sampled a set of HPs, performed stratified 5-fold cross-
validated experiments and extracted an average test ROC AUC
score. HPs associated with the highest ROC AUC score were
chosen as optimal. The tuning portion of the UKB dataset was
not used further in the experiments.

2.3.2. Classification performance comparisons

In our work we performed two kinds of classification perfor-
mance comparisons: one in which we tested the trained models
on a test (holdout) data of the training dataset, and another in
which we tested them on a different dataset of the same cate-
gory (information on categories is provided in Table 1).

In order to compare classification performance of the mod-
els on fair terms, we performed stratified 5-fold cross-validated
(CV) experiments on each dataset with the meanMLP and the
rest of the models referenced in section 2.1. To detect over-
fitting, we randomly split the training set into the train and
validation sets using stratified sampling to preserve class bal-
ances. Validation set size was chosen to be 1/5" of the train-
ing data or 16% of the entire dataset, resulting in 64/16/20
train/validation/test splits. We picked the models with the
smallest loss on the validation set, tested them on the test set,
and computed the test ROC AUC score. For each test fold we
repeat the randomized train/val splitting ten times to marginal-
ize over the initialization effects; this way, we obtained 50 test
results for each model-dataset pair. We ensured that for each
dataset the 50 train/validation/test splits remained consistent
across experiments with different models, with no subject’s data
being present in two or more of the sets simultaneously.

For the experiments with SwiFT we used the same CV exper-
iment design, but used only one train/validation split for each
test fold, resulting in a total of 5 results for a dataset.

Since the fMRI data samples can vary significantly across
populations and acquisition sites, it is important for the clinical
applications to use models that generalize well on out of sam-
ple data. Concerningly, in a recent work by Chekroud et al.
(2024) the authors showed that ML models may have poor gen-
eralizability on biomedical data. To verify this, in our work
we performed what we call "transfer" experiments, in which
we tested how well the models, when trained on one dataset,
were able to perform classification on another dataset of the
same category (FBIRN, BSNIP and COBRE on schizophrenia,
and OASIS and ADNI on Alzheimer disease). To do that, in



Table 2: Relative training time of the considered models on different tasks. The vertical line between DICE and BNT models separates time series and FNC models.
Time series models’ times are normalized to the time of meanMLP; FNC models are normalized to LR. We use the average training time across 50 runs. Datasets
without specified parcellation are ICA datasets. The MILC model entries on the UKB datasets are missing, since the MILC model was trained on a different
hardware on these datasets. BolT, Glacier, and SwiFT entries are missing for the same reason.

Datasets Models
meanMLP  Transformer LSTM DICE MILC | BrainNetCNN FBNetGen BNT LR
FBIRN 1 2.3% 3x 4x 13x 163x 95% 66X 1
BSNIP 1 3x 4x Tx 15x 146x 100x 55% 1
COBRE 1 1.6x 5% 5% 28x 168x 109x 95x 1
ABIDE 1 8x 6% 13x 28x 155% 145x 52% 1
OASIS 1 5% 6% 9% 21x 170x 121x 59% 1
ADNI 1 5x 5% 10x 31x 159% 106x 68x 1
HCP 1 12x 5% 13x 35x% 171x 412x 58x 1
UK Biobank (Sex) 1 8x 6% 13x - 102x 57x 24x 1
UK Biobank (Age-Sex) 1 10x 11x 15x% - 67x 34x 14x 1
FBIRNRop 1 2.1x 2.8% 46x 11x 63%x 10x 6Xx 1
ABIDER(; 1 4x 2.5x 79% 14x 19x 5% 1.7x 1
HCPgro 1 2.6x 1.9% 45% 5% 58x 44x 5% 1

addition to testing the trained models on the test set in the ex-
periments described above we also tested them on the entirety
of data from the same-category datasets.

2.3.3. Data analysis experiments

In order to further validate the performance of our mean-
MLP model we tested it on a differently preprocessed fMRI
data, using the HCP datasets described in 2.2.2. However, we
also used this opportunity to analyze the influence of differ-
ent preporcessing techniques on different model architectures.
In these experiments we limited our model choice to mean-
MLP, LSTM, meanL.STM, Transformer, and meanTransformer,
as these models’ properties are easier to interpret. Hinted by the
meanMLP’s indifference to the temporal order in the data, we
additionally tested the performance of these models on the HCP
and UKB data with a broken temporal order.

We used the same 5-fold cross-validation experiments design
described above. To obtain the data with the broken tempo-
ral order, we reshuffled the training set data over the time axis.
Each sample from the training set was reshuffled over the time
axis independently; on each new training epoch a new shuffling
was used. Validation and test sets were left as they are.

2.3.4. Spatial attention

In order to analyze the brain spatial attention of the trained
models we employed a gradient-based saliency method (Si-
monyan et al., 2014), which highlights the features in the in-
put that play an important role for the model’s prediction.
Saliency maps were computed for the test set data w.r.t. the
true class of an input sample using the 50 models trained as de-
scribed in 2.3.2. For the models trained on one of the datasets
on schizophrenia (FBIRN, BSNIP and COBRE) or Alzheimer
disease (OASIS and ADNI), we also computed the saliency
maps for the entirety of the data from the remaining same-
category datasets. The computed gradients were merged across
time points and subjects, grouped according to their true class
and compared using Welch’s unequal variances t-test. The

model’s spatial attention was then estimated based on the FDR-
corrected p-values.

Following the approach described by Lewis et al. (2022),
we also computed the temporal pairwise correlations for each
saliency map, which we further relate to as co-saliency. By
grouping the co-saliencies according to their true class, we
performed Welch’s unequal variances t-test on the co-saliency
groups to reveal statistically significant differences in the
model’s attention for one class or another.

3. Results

In this section we present the results of our experiments.
We (i) evaluate the classification performance of our model
and its counterparts on fMRI datasets in terms of accuracy and
training time, (ii) analyze the models’ performance on the data
with reshuffled temporal order and on a differently preporcessed
data, and (iii) introspect the trained meanMLP model by visu-
alizing its predictions over time and computing saliency maps.

3.1. Classification comparisons

General comparisons. Using the experimental setup described
in section 2.3.2, we trained our models for classification on dif-
ferent datasets. Fig. 3 shows the test ROC AUC scores of the
trained models. As we can see, the meanMLP model performs
on a competitive level with other, more advanced models on
various tasks, often showing the best results across time series
models. LR exhibits a similar behavior, showing competitive
results among the FNC models, although in a less pronounced
way compared to the meanMLP. This behavior is observed on
different classification tasks and different fMRI parcellations.
In the case of multiclass classification (UKB-SA) LR falls be-
hind the more intricate models; meanMLP, however, still shows
decent results. Notably, on larger datasets (UKB, HCP), mean-
MLP starts to lag behind the more sophisticated BolT model.
We observe a similar behavior in the experiments comparing
meanMLP to SwiFT, the results of which are shown in Fig. 4.



ICA - Neuromark

1.0 * * =]
09 1 - ° = -
Sos +
<
Q
Qo7
o
08
1) J) S :
FBIRN BSNIP

ICA - Neuromark
0.84 *

HCP

Time Series Models
meanMLP
LSTM
Transformer
MILC

DICE

BolT

Glacier

FMNC Models

BNT
BN FBNetGen

8

N

0.98 —
. o - % % r
097 i F 0.82 3
§ 0.96 % % fﬁ 0.80 *%
O
0 095 + 07§ o
0.94 i 0.6
0.93 * ! 05
UKB-S Bt UKB-3A FBIRN

E=Z7 BrainNetCNN

ABIDE E LR

Figure 3: Comparison of test ROC AUC scores for the meanMLP model and other considered models on various datasets in a classification task. The meanMLP
model shows competitive results compared to more advanced models for fMRI time series, as does logistic regression (LR) trained on FNC data. The blue dashed
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Figure 4: Comparison of test ROC AUC scores of meanMLP, BolT, and SwiFT
models on the FBIRN and HCP datasets. In these experiments, we used 5-fold
CV with one trial for each fold, unlike the experiments in Fig. 3 where we
ran 10 trials. SWiFT was trained on volume fMRI time series using 5-fold CV;
meanMLP and BolT models were trained on parcellated fMRI time series using
the Schaefer 400 ROI atlas, which is native to the BolT model. The results we
can see here conform with the observations from Fig. 3 — meanMLP model
shows better results on the smaller datasets (like FBIRN), but falls behind more
intricate models when more data is available.

Training time. Table 2 displays the relative training times of
the models. Here, the meanMLP and LR models excel, con-
sistently demonstrating the fastest performance across the time
series and FNC models, respectively, owing to their simplicity.

Transfer comparisons. In order to better assess models’ gener-
alizability, in addition to same-dataset testing we also explored
how well the trained models "transfer" on the datasets of the
same category (FBIRN, COBRE, and BSNIP on schizophre-
nia, OASIS and ADNI on Alzheimer disease). Fig. 5 show the
results of these tests. The meanMLP model again performs on a
competitive level with more advanced time series models even
when applied to a data from a different dataset. Although, as
we see, this time the complexity of other models sometimes al-
lows them to generalize better. LR exhibits a similar behavior,
showing competitive results among the FNC models.

This result is especially interesting in the light of a recent pa-
per by Chekroud et al. (2024), where machine learning models,
when trained on a biomedical data to distinguish the clinical
output of schizophrenia treatment, were shown to fail on the
independently collected data. Our results show that, when it
comes to fMRI data, the machine learning models are quite ca-
pable of transferring their performance on the independent data.

3.2. Time-shuffled training

In pursuit to understand the reasons behind the meanMLP’s
classification success we decided to explore the importance of
the temporal order in fMRI time series for the accurate classi-
fication. Why temporal order? As was noted in section 2.1.1,
the meanMLP architecture lacks remarkable features with the
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next best TS model, and LR and the next best FNC model.

exception of being indifferent to the temporal order in the data.
This fact is supposed to harm the meanMLP ability to perform
classification on time series, unless the time points in the time
series, when considered in isolation from each other, contain
enough discriminative information.

To investigate this, we selected a narrow pool of models mod-
els with well known capability for processing the sequential
data, namely LSTM and Transformer, and trained them on two
tasks along with meanMLP. In the first task we train the se-
lected models to distinguish the fMRI samples with normal and
inverted temporal order, using the special HCP ICA dataset de-
scribed in section 2.3.3. The intention behind this task is, on the
one hand, to verify the existence of sequential features hidden
in the fMRI temporal order, and, on the other hand, to analyze
the models’ ability to detect these features and use them in clas-
sification. The results of the models on this task are shown in
Fig. 6(a). We can see that LSTM and Transformer models are
able to detect some sequential features and thus distinguish the
regular and time-reversed fMRI samples. meanMLP fails at this
task, as expected, due to its architecture.

In the second task we trained the selected models on the HCP
and UKB data, in which we artificially broke the temporal or-
der. We did so by randomly reshuffling each training data sam-
ple along the time axis. Each sample was reshuffled indepen-
dently from the others, and was reshuffled anew on each new

epoch. Such reshuffling is supposed to put any sequential fea-
tures in the data in disarray and force the models to look for
some stationary discriminative features, which are independent
from the temporal order. We know that such features exist,
since the meanMLP model can not use anything else for classi-
fication. So, this task allows us to explore how the performance
of order-aware models changes when they are left with only sta-
tionary fMRI features. In this task we used a few variations of
HCP dataset described in sections 2.2 and 2.2.2 in order to rule
out the influence of preprocessing techniques on the temporal
and stationary fMRI features, at least to some extent, and the
UKB-S dataset, on which all of the considered models clearly
proved their classification capabilities.

Fig. 6(b) shows the results of models on the second task.
As expected, meanMLP is indifferent to the temporal shuffling.
Opverall, all of the considered models are able to train on the data
with the broken temporal order, which is best shown by the re-
sults on the UKB-S dataset. More intriguingly, the Transformer
model tends to benefit from the broken temporal order, some-
times significantly. The LSTM model performance slightly de-
grades on the data with broken temporal order with an excep-
tion of a single dataset.

We also conducted this kind of experiment with the rest of

TS models, the results of which are shown in Appendix Ap-
pendix A.
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Figure 6: Comparisons of classification performance of a few test models
trained to distinguish (a) the time direction in the HCP ICA data, and (b) the
subject sex in the HCP and UKB data with original and broken time order.
(a) We trained our test models for the time direction inference task using the
special relabeled HCP ICA data described in section 2.3.3. LSTM and Trans-
former are capable of solving this problem to some extent, showing a general
ability to learn sequential features. meanMLP fails at it completely, as can be
expected from the model’s architectures. (b) To break the temporal order in the
data we reshuffled the samples from the training set along the time direction
on every training epoch. meanMLP’s performance was not affected by the bro-
ken temporal order. Interestingly, order-aware LSTM and Transformer models
managed to train even on the data devoid of sequential features, which is promi-
nently seen on the UKB-S results.

3.3. Influence of preprocessing

In order to verify the meanMLP results on one hand, and
to further compare the behavior of order-aware and order-
indifferent architectures on another hand, we compare the
performance of a few chosen models on the differently pre-
processed fMRI data. Here we consider the same pool of
models (meanMLP, LSTM, and Transformer) as in the previ-
ous section, with the addition of meanLSTM and meanTrans-
former models. We use the HCP datasets described in sec-
tions 2.2 and 2.2.2, which allow us to compare the influence
of a few preprocessing techniques in an isolated environment.

Fig. 7 shows the results of our comparisons. We can see that
the warp to MNI space does not significantly affect the models’
classification abilities, and the use of different brain atlases for
fMRI parcellation, while affecting the models performance, af-
fects it in the same way. However, we notice the differences in
performance on the HCP data prepared according to the general
and the additional preprocessing pipelines. Based on these dif-
ferences, we can distinguish two groups of models: one group
includes LSTM and Transformer, two order-aware models that
perform better on the HCP data prepared according to the gen-
eral pipeline; the other group consists of Mean models that per-
form better on the HCP data prepared according to the addi-
tional pipeline.

More importantly, we can see that while pre-processing af-
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Figure 7: Influence of the data preprocessing techniques on models classifica-
tion performance. While different preprocessing techniques can improve the
performance of some models and hurt the others, the models ranking remains
mostly unaffected. Judging by the performance comparisons on all the available
data, we can distinguish two categories of models: mean (meanMLP, meanL-
STM, and meanTransformer) and regular (LSTM and Transformer). While
mean models tend to perform better on the HCP data that was prepared ac-
cording general preprocessing pipeline (last two datasets) compared to the ad-
ditional pipeline (first three datasets), regular models do the opposite. At the
same time, the use of different brain atlases and the normalization to the MNI
space do not show such effect.

fects the models’ performance, it does not change the models’
ranking significantly. meanMLP shows best results across the
chosen pool models. Interestingly, the introduction of the av-
eraging step to LSTM and Transformer models improved their
performance significantly, as we can see from the meanLSTM
and meanTransformer results.

3.4. Introspection into the prediction dynamics

Although meanMLP model is capable of accurate classifi-
cation of the brain disorders without learning any dynamical
information from the data, it does not mean that this informa-
tion is not there, and it is still possible to use this model to
peek into the dynamics by inspecting the output logits of the
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Figure 8: Dynamics in MLP block predictions in classification of schizophrenia
(FBIRN), Alzheimer disease (OASIS), and autism (ABIDE). Two healthy con-
trol subjects and two subjects with brain disorder were taken from each respec-
tive dataset. The upper part of the plots shows the relative prediction strength
for each class at each time point. Solid color lines visualize the predictions
averaged over the 10 time points window. Ghost color lines in the background
visualize the raw predictions. The lower part of the plots show the saliency
map, computed using integrated gradients (Sundararajan et al., 2017) for the
true label’s output logit and multiplied at each time point by the corresponding
prediction strength. The existence of time frames where the prediction strength
for one class persistently exceeds the other suggests the presence of periods of
anomalous and exclusively normal brain activity.

MLP block before the averaging step. Fig. 8 shows the results
of introspection into the MLP block predictions. As we see,
there are periods of time where the prediction strength for one
class consistently exceeds the prediction strength for the other,
which suggest the existence of normal and abnormal brain ac-
tivity over periods of time. This fact indirectly verifies the ex-
istence of dynamics in the data. However, as previous results
show, the knowledge of these dynamics is not necessary for the
accurate classification of brain disorders.

3.5. Spatial attention

Region attention. Using the meanMLP model trained on
BSNIP dataset, we explored what brain regions the model
found to be most discriminative for the classification of schizo-
phrenia. To do that we computed the saliency maps and found
regions for which the gradients computed on the data of dif-
ferent classes were significantly different according to Welch’s
t-test statistics, as described in 2.3.4.

Fig. 9 shows the results of these comparisons. As we see,
the gradients from a variety of regions turned out to be statisti-
cally significantly different. This fact makes it difficult to draw
conclusions about the importance of individual brain regions
for the schizophrenia classification, as too many of them ap-
pear to be important to the model. In a way, this failed attempt
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Figure 9: Per-region comparisons of gradients computed on test BSNIP data
using meanMLP model trained on BSNIP. The left panel shows the distribu-
tion of gradients computed for the samples of each class at each region; the
right panel shows FDR-corrected p-values of the Welch’s t-test applied to the
gradient distributions. The significance of region differences was determined
by p-values < 0.05. While the per-region distributions of gradients on the left
panel appear to be fairly similar to each other, the p-values from the Welch’s
t-test indicate that most of the region distributions are significantly different,
which makes the interpretation of the model’s attention overly complex.

to interpret the model signifies a different kind of importance
— the importance of designing more interpretable models for
neuroimaging data, if we hope to learn the mechanisms of brain
work through the machine learning. A similar analysis was per-
formed on datasets other than BSNIP; its conclusions, however,
were the same.

Correlational attention. With the previous result being a fail-
ure, we tried a different approach to the attention problem
by statistically comparing not region saliencies, but rather the
temporal correlations of regions saliencies that we call co-
saliencies. The results of this approach for the meanMLP
trained on BSNIP are shown in the Fig. 10. Here we also
considered the co-saliencies computed from the FBIRN and
COBRE data using the same meanMLP trained on BSNIP in
order to better understand how the model transfers onto other
datasets.
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Figure 10: Comparison of co-saliencies computed from meanMLP trained on
BSNIP. We show t-values of Welch’s t-test applied to group co-saliencies com-
puted from the test BSNIP, the entire FBIRN, and the entire COBRE datasets.
Only the significant t-values with the corresponding p-values < 0.05 are shown
on the panels. The FBIRN and BSNIP panels are split into 2 parts along the
main diagonal: the lower triangles show components that are significant in both
COBRE and BSNIP data, the upper triangles show the components that are
unique for COBRE. The first row shows the results for the meanMLP model
trained on the BSNIP data with 80% training and 20 % test splits, as described
in 2.3.2, while the second row shows the results for which this proportion was
flipped to 20% training and 80 % test.

Judging by the BSNIP panel in the first row, we can see that
this approach does not provide us any interpretable spatial at-
tention either, as too many components in co-saliencies are sig-
nificantly different between classes, and they also do not appear
to be clustered. However, the salient components on the trans-
fer dataset panels indicate that while the model detects some fa-
miliar features in the transfer data (regions in lower triangles), it
also pays attention to some new regions that were not salient in
the training dataset (regions in upper triangles). This effect may
lead to intriguing interpretations regarding the learning process
of supervised learning.

However, it is not clear how much this observation is affected
by the size effect of the data. The second row of results in
the Fig. 10 shows the salient regions of a model for which the
proportions of train and test sets of the BSNIP dataset were
flipped. From these results we can see that the model trained
on less data pays attention to more regions in BSNIP data; yet
it pays attention to less regions in the transfer datasets. We
reserve the comprehensive explanation of these observations for
the future work.

4. Discussion

In our experiments we found that the proposed meanMLP
model is a surprisingly decent classifier for the fMRI data, and
also revealed an interesting property of the fMRI data itself.
We believe these findings carry important implications to the
researchers working on joint ML/neuroimaging projects, espe-
cially the work involving the fMRI data.
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4.1. Implications to the fMRI classification accuracy as a mod-
els evaluation metric

Our experimental findings in section 3.1 indicate that the
meanMLP model can successfully classify mental disorders,
sex, and age based on the fMRI time series. Notably, mean-
MLP performance is competitive to that of the best models
for fMRI time series data classification, despite much simpler
model design, and only falls behind the more intricate models
when more data is available. This conclusion holds on differ-
ently pre-processed fMRI data, as shown in the section 3.3.

We believe that the above fact, combined with the success
of logistic regression on the FNC fMRI data, underscores the
necessity of reassessing the motivation for the future research
on ML applications to brain fMRI data. While achieving a de-
cent classification accuracy remains an important problem for
the real world medical applications, our findings reveal that the
state-of-the-art accuracy can be achieved with relatively simple
methods. At the same time, the increasing model complexity
often leads to either none or disproportionately small accuracy
improvement on most of the tasks. Thus, it appears more fruit-
ful to explore the ML applications to other neuroscience chal-
lenges, such as fMRI data explainability, where greater model
complexity can allow us to delve deeper into the intricacies of
brain function.

4.2. Importance of fMRI dynamic information for classification

We believe that the classification success of the meanMLP
model on one hand, and the classification results of the models
trained on the fMRI data with a broken temporal order on the
other hand provide us an intriguing insight on the fMRI dynam-
ics. A discriminative information in the fMRI time series can
be potentially embedded by two kinds of features: dynamical
sequential features, hidden in the fMRI temporal order, and sta-
tionary features, independent from the temporal order. mean-
MLP is incapable of learning the sequential features, as it is
insensitive to the temporal order in the data by design; yet it
still shows decent classification results by using only stationary
features. In the experiments with the broken temporal order,
where the sequential features are artificially degraded, a few
chosen order-aware models are still able to learn to perform the
classification task, presumably using only stationary features.
Notably, their performance does not degrade as significantly as
could be expected; on the contrary, the Transformer model even
improves its performance on the data with the broken temporal
order. In this latter case the broken temporal orders probably
plays a role of regularization through data augmentation.

These results collectively provide evidence that the sequen-
tial features—and, by extension, the fMRI dynamics—may con-
tain significantly less discriminative information for fMRI clas-
sification problems than is commonly believed. Another plausi-
ble explanation for these observations is that sequential features
may be inherently more difficult to detect than stationary ones,
and the order-aware models used in our experiments are simply
unable to learn these features effectively.

We do observe one exception: the BolT and SwiFT mod-
els outperform the meanMLP when trained on the HCP and



UKB datasets, two of the larger datasets. Since these models
are among the largest architectures we tested, this could be an
instance of scaling laws at work (Abrol et al., 2021). It is also
possible that the hierarchical structure of BolT and SwiFT al-
lows them to learn discriminative sequential features more effi-
ciently than other models when sufficient data is available, en-
abling these models to outperform meanMLP on this task.

It is worth noting that the relative importance of the sequen-
tial and stationary features depends on the specific task at hand.
As such, while meanMLP exhibits a decent performance in
classifying brain disorders, it is unable to distinguish the time
direction in the fMRI data, which is a purely temporal task. We
believe that this fact can be exploited in the future research to
gain deeper insights into the dynamic aspects of the phenomena
underlying the classification task. For instance, if, in a given
task, the sequential features prove to be more important than
stationary ones, this would imply that the phenomena behind
the task manifest itself more in fMRI dynamics. Such analy-
sis, however, requires more reliable methods for detection of
sequential features, as the indirect method based on temporal
shuffling we used in our work can only destroy such features.
Perhaps the dynamical systems theory (John et al., 2022) can
provide such methods.

Additionally, these observations carry profound implications
for research aimed at enhancing the fMRI data explainability.
Researchers who may employ ML models to uncover sequential
features and use the classification performance as a validation
metric should be aware that these models may, in fact, unveil
stationary features instead. This awareness may be critical for
ensuring the accurate interpretation of model outcomes.

Finally, in our work we considered only the resting-state
fMRI data. Whether the task-based fMRI data exhibits the same
properties remains unclear.

5. Conclusions

In our work, we present the meanMLP, a simplistic model
designed for the classification of sequence data, particularly in
the context of resting-state fMRI analysis. Through extensive
comparisons, we show that meanMLP is capable of classifica-
tion of brain disorders, sex, and age from the resting-state fMRI
with remarkable accuracy. We hence propose our model as a
baseline for future models for fMRI time series classification.

Given the effectiveness of both our model and logistic re-
gression on FNC fMRI data, we advocate for a shift in focus
toward exploring problems beyond classification accuracy in
future joint neuroimaging/ML research. While current trends
often emphasize increasingly complex models in pursuit of
higher classification performance, our findings reveal that sim-
pler models are quite capable of achieving comparable and even
surpassing results on the fMRI data. This complexity, however,
may be better suited for addressing other challenges, such as
enhancing neuroimaging data explainability.

In support of this idea, we attempted to use our model’s spa-
tial attention to reveal the discriminative features of the fMRI
data. However, our efforts were unsuccessful, as we found too
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many statistically significant differences between the explana-
tions the model generated for different groups. Nonetheless,
our exploration of the model’s insensitivity to temporal order
revealed a more intriguing characteristic of fMRI time series.
Contrary to intuitive assumptions, our experiments suggest that
the temporal order of fMRI data may contain much less dis-
criminative information than usually believed. This finding,
corroborated by experiments with temporally re-shuffled data,
underscores the need to consider the role of fMRI dynamics
more critically in future research aiming to uncover meaningful
features in the data using machine learning techniques.
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Appendix A. More time-shuffled training

Here we show the results of a wider pool of models trained to
(i) distinguish the direction of time in the input, and (ii) trained
on the HCP and UKB reshuffled time series. The results of
these experiments are shown in the Fig. 11. Here we notice an
interesting behavior of BolT and Glacier models. Glacier ap-
pears to be unable to distinguish the time direction in the fMRI
data, and it is not significantly affected by time shuffling, which



suggests that it is not actually learning any sequential features.
BolT is able to distinguish time directions well, but only in
around half of the experiments. Unlike vanilla transformers,
it’s performance is degraded by time shuffling. meanLSTM
and meanTransformer behave similarly to their regular coun-
terparts, although they consistently show better classification
scores.

References

Abrol, A., Fu, Z., Salman, M., Silva, R., Du, Y., Plis, S., Calhoun, V., 2021.
Deep learning encodes robust discriminative neuroimaging representations
to outperform standard machine learning. Nature communications 12, 353.
doi:10.1038/s41467-020-20655-6.

Arbabshirani, M., Kiehl, K., Pearlson, G., Calhoun, V., 2013. Classification of
schizophrenia patients based on resting-state functional network connectiv-
ity. Frontiers in Neuroscience 7. doi:10.3389/fnins.2013.00133.

Bachmann, G., Anagnostidis, S., Hofmann, T., 2023. Scaling MLPs: A tale of
inductive bias. arXiv doi:10.48550/arXiv.2306.13575.

Bannadabhavi, A., Lee, S., Deng, W., Li, X., 2023. Community-aware trans-
former for autism prediction in fMRI connectome. arXiv doi:10.48550/a
rXiv.2307.10181.

Bedel, H.A., Sivgin, 1., Dalmaz, O., Dar, S.U., Cukur, T., 2023. BolT: Fused
window transformers for fMRI time series analysis. Medical Image Analysis
88, 102841. doi:10.1016/j .media.2023.102841.

Bondi, E., Maggioni, E., Brambilla, P., Delvecchio, G., 2023. A systematic
review on the potential use of machine learning to classify major depressive
disorder from healthy controls using resting state fMRI measures. Neuro-
science & Biobehavioral Reviews 144, 104972. doi:10.1016/j.neubio
rev.2022.104972.

Boser, B.E., Guyon, .M., Vapnik, V.N., 1992. A training algorithm for optimal
margin classifiers, in: Proceedings of the Fifth Annual Workshop on Com-
putational Learning Theory, Association for Computing Machinery, New
York, NY, USA. p. 144-152. doi:10.1145/130385.130401.

Caro, J.O., de O. Fonseca, A.H., Averill, C., Rizvi, S.A., Rosati, M., Cross, J.L.,
Mittal, P., Zappala, E., Levine, D., Dhodapkar, R.M., Abdallah, C.G., van
Dijk, D., 2023. BrainLM: A foundation model for brain activity recordings.
bioRxiv doi:10.1101/2023.09.12.557460.

Chekroud, A.M., Hawrilenko, M., Loho, H., Bondar, J., Gueorguieva, R.,
Hasan, A., Kambeitz, J., Corlett, P.R., Koutsouleris, N., Krumholz, H.M.,
Krystal, J.H., Paulus, M., 2024. Illusory generalizability of clinical predic-
tion models. Science 383, 164-167. doi:10.1126/science.adg8538.

Cox, D.R., 1958. The regression analysis of binary sequences. Journal of the
Royal Statistical Society. Series B (Methodological) 20, 215-242.

Cox, R.W., 1996. AFNI: Software for analysis and visualization of functional
magnetic resonance neuroimages. Computers and Biomedical Research 29,
162-173. doi:10.1006/cbmr.1996.0014.

Cox, R.W,, Hyde, J.S., 1997. Software tools for analysis and visualization of
fmri data. NMR in Bio-medicine 10, 171-178. doi:10.1002/(SICI)109
9-1492(199706/08)10:4/5<171: : AID-NBM453>3.0.C0;2-L.

Cui, H., Dai, W., Zhu, Y., Kan, X., Gu, A.A.C., Lukemire, J., Zhan, L., He, L.,
Guo, Y., Yang, C., 2023. BrainGB: A benchmark for brain network analysis
with graph neural networks. IEEE Transactions on Medical Imaging 42,
493-506. doi:10.1109/TMI.2022.3218745.

Desikan, R.S., Ségonne, F., Fischl, B., Quinn, B.T., Dickerson, B.C., Blacker,
D., Buckner, R.L., Dale, A.M., Maguire, R.P., Hyman, B.T., Albert, M.S.,
Killiany, R.J., 2006. An automated labeling system for subdividing the hu-
man cerebral cortex on MRI scans into gyral based regions of interest. Neu-
rolmage 31, 968-980. doi:10.1016/j .neuroimage.2006.01.021.

Devlin, J., Chang, M.W., Lee, K., Toutanova, K., 2019. Bert: Pre-training
of deep bidirectional transformers for language understanding, in: North
American Chapter of the Association for Computational Linguistics. URL:
https://api.semanticscholar.org/CorpusID:52967399.

Di Martino, A., Yan, C.G., Li, Q., Denio, E., Castellanos, F.X., Alaerts, K.,
Anderson, J.S., Assaf, M., Bookheimer, S.Y., Dapretto, M., Deen, B., Del-
monte, S., Dinstein, L., Ertl-Wagner, B., Fair, D.A., Gallagher, L., Kennedy,
D.P.,, Keown, C.L., Keysers, C., Lainhart, J.E., Lord, C., Luna, B., Menon,
V., Minshew, N.J., Monk, C.S., Mueller, S., Miiller, R.A., Nebel, M.B.,
Nigg, J.T., O’Hearn, K., Pelphrey, K.A., Peltier, S.J., Rudie, J.D., Sunaert,

15

S., Thioux, M., Tyszka, J.M., Uddin, L.Q., Verhoeven, J.S., Wenderoth,
N., Wiggins, J.L., Mostofsky, S.H., Milham, M.P,, 2014. The autism
brain imaging data exchange: towards a large-scale evaluation of the in-
trinsic brain architecture in autism. Molecular Psychiatry 19, 659-667.
doi:10.1038/mp.2013.78.

Du, Y., Fu, Z., Sui, J., Gao, S., Xing, Y., Lin, D., Salman, M., Abrol, A.,
Rahaman, M.A., Chen, J., et al., 2020. Neuromark: An automated and
adaptive ica based pipeline to identify reproducible fmri markers of brain
disorders. Neurolmage: Clinical 28, 102375.

Dvornek, N.C., Ventola, P., Pelphrey, K.A., Duncan, J.S., 2017. Identifying
autism from resting-state fMRI using long short-term memory networks.
Machine learning in medical imaging 10541, 362-370. doi:10.1007/97
8-3-319-67389-9_42.

de Filippis, R., Carbone, E.A., Gaetano, R., Bruni, A., Pugliese, V., Segura-
Garcia, C., De Fazio, P., 2019. Machine learning techniques in a structural
and functional MRI diagnostic approach in schizophrenia: a systematic re-
view. Neuropsychiatric disease and treatment , 1605-1627doi:10.2147/ND
T.S202418.

Fix, E., Hodges, J.L., 1989. Discriminatory analysis. nonparametric discrim-
ination: Consistency properties. International Statistical Review / Revue
Internationale de Statistique 57, 238-247.

Fu, Z., Caprihan, A., Chen, J., Du, Y., Adair, J.C., Sui, J., Rosenberg, G.A.,
Calhoun, V.D., 2019. Altered static and dynamic functional network con-
nectivity in alzheimer’s disease and subcortical ischemic vascular disease:
shared and specific brain connectivity abnormalities. Human Brain Map-
ping 40, 3203-3221. doi:10.1002/hbm.24591.

Glasser, M.E., Sotiropoulos, S.N., Wilson, J.A., Coalson, T.S., Fischl, B., An-
dersson, J.L., Xu, J., Jbabdi, S., Webster, M., Polimeni, J.R., Van Essen,
D.C., Jenkinson, M., 2013. The minimal preprocessing pipelines for the hu-
man connectome project. Neurolmage 80, 105-124. doi:10.1016/j .neur
oimage.2013.04.127.

Hochreiter, S., Schmidhuber, J., 1997. Long Short-Term Memory. Neural
Computation 9, 1735-1780. doi:10.1162/neco.1997.9.8.1735.

Huang, X., Xiao, J., Wu, C., 2021. Design of deep learning model for task-
evoked fMRI data classification. Computational Intelligence and Neuro-
science 2021, 6660866. doi:10.1155/2021/6660866.

Jenkinson, M., Beckmann, C.F., Behrens, T.E., Woolrich, M.W., Smith, S.M.,
2012. FSL. NeuroImage 62, 782-790. doi:10.1016/j .neuroimage.201
1.09.015.

John, Y.J., Sawyer, K.S., Srinivasan, K., Miiller, E.J., Munn, B.R., Shine, J.M.,
2022. It’s about time: Linking dynamical systems with human neuroimaging
to understand the brain. Network Neuroscience 6, 960-979. doi:10.1162/
netn_a_00230.

Kan, X., Cui, H., Lukemire, J., Guo, Y., Yang, C., 2022a. FBNETGEN: Task-
aware GNN-based fMRI analysis via functional brain network generation.
arXiv doi:10.48550/arXiv.2205.12465.

Kan, X., Dai, W., Cui, H., Zhang, Z., Guo, Y., Yang, C., 2022b. Brain network
transformer. arXiv doi:10.48550/arXiv.2210.06681.

Kawabhara, J., Brown, C.J., Miller, S.P., Booth, B.G., Chau, V., Grunau, R.E.,
Zwicker, J.G., Hamar-neh, G., 2017. BrainNetCNN: Convolutional neural
networks for brain networks; towards predicting neurodevelopment. Neu-
rolmage 146, 1038-1049. doi:10.1016/j .neuroimage.2016.09.046.

Kazi, A., Cosmo, L., Ahmadi, S.A., Navab, N., Bronstein, M.M., 2023. Dif-
ferentiable graph module (DGM) for graph convolutional networks. IEEE
Transactions on Pattern Analysis and Machine Intelligence 45, 1606-1617.
doi:10.1109/tpami .2022.3170249.

Keator, D.B., van Erp, T.G., Turner, J.A., Glover, G.H., Mueller, B.A., Liu,
T.T., Voyvodic, J.T., Rasmussen, J., Calhoun, V.D., Lee, HJ., Toga, A.W.,
McEwen, S., Ford, J.M., Mathalon, D.H., Diaz, M., O’Leary, D.S., Jeremy
Bockholt, H., Gadde, S., Preda, A., Wible, C.G., Stern, H.S., Belger, A.,
McCarthy, G., Ozyurt, B., Potkin, S.G., 2016. The function biomedical
informatics research network data repository. NeuroImage 124, 1074-1079.
doi:10.1016/j .neuroimage.2015.09.003.

Khosla, M., Jamison, K., Ngo, G.H., Kuceyeski, A., Sabuncu, M.R., 2019. Ma-
chine learning in resting-state fmri analysis. Magnetic Resonance Imaging
64, 101-121. doi:10.1016/j.mri.2019.05.031. artificial Intelligence in
MRI.

Kim, P.Y., Kwon, J., Joo, S., Bae, S., Lee, D., Jung, Y., Yoo, S., Cha, J., Moon,
T., 2023. SwiFT: Swin 4d fMRI transformer. arXiv doi:10.48550/arXiv
.2307.05916.

Kipf, T.N., Welling, M., 2016. Semi-supervised classification with graph con-



volutional networks. arXiv doi:10.48550/arXiv.1609.02907.

Kreuzer, D., Beaini, D., Hamilton, W.L., Létourneau, V., Tossou, P., 2021.
Rethinking graph transformers with spectral attention. arXiv doi:10.48550
/arXiv.2106.03893.

Kundu, P., Voon, V., Balchandani, P., Lombardo, M. V., Poser, B.A., Bandettini,
P.A., 2017. Multi-echo fmri: A review of applications in fMRI denoising
and analysis of bold signals. NeuroImage 154, 59-80. doi:10.1016/j.ne
uroimage.2017.03.033. cleaning up the fMRI time series: Mitigating
noise with advanced acquisition and correction strategies.

Lewis, N., Miller, R., Gazula, H., Calhoun, V., 2022. Fine temporal brain
network structure modularizes and localizes differently in men and women:
Insights from a novel explainability framework. bioRxiv doi:10.1101/20
22.06.09.495551.

Li, X., Zhou, Y., Dvornek, N., Zhang, M., Gao, S., Zhuang, J., Scheinost,
D., Staib, L.H., Ventola, P., Duncan, J.S., 2021. BrainGNN: Interpretable
brain graph neural network for fMRI analysis. Medical Image Analysis 74,
102233. doi:10.1016/j .media.2021.102233.

Liu, M., Li, B., Hu, D., 2021a. Autism spectrum disorder studies using fMRI
data and machine learning: A review. Frontiers in Neuroscience 15. doi:10
.3389/fnins.2021.697870.

Liu, Z., Lin, Y., Cao, Y., Hu, H., Wei, Y., Zhang, Z., Lin, S., Guo, B., 2021b.
Swin transformer: Hierarchical vision transformer using shifted windows.
arXiv doi:10.48550/arXiv.2103.14030.

Mahmood, U., Fu, Z., Calhoun, V., Plis, S., 2021. Brain dynamics via cumula-
tive auto-regressive self-at-tention. arXiv doi:10.48550/arXiv.2111.01
271.

Mahmood, U., Fu, Z., Calhoun, V., Plis, S., 2023. Glacier: glass-box trans-
former for interpretable dynamic neuroimaging, in: 2023 IEEE International
Conference on Acoustics, Speech and Signal Processing (ICASSP), IEEE.
pp. 1-5. URL: https://ieeexplore.ieee.org/document/10097126.

Mahmood, U., Fu, Z., Ghosh, S., Calhoun, V., Plis, S., 2022. Through the
looking glass: Deep interpretable dynamic directed connectivity in resting
fMRI. NeuroImage 264, 119737. doi:10.1016/j .neuroimage.2022.11
9737.

Mahmood, U., Rahman, M.M., Fedorov, A., Lewis, N., Fu, Z., Calhoun, V.D.,
Plis, S.M., 2020. Whole MILC: Generalizing learned dynamics across tasks,
datasets, and populations, in: Medical Image Computing and Computer
Assisted Intervention — MICCAI 2020, Springer International Publishing,
Cham. pp. 407-417.

Malkiel, I., Rosenman, G., Wolf, L., Hendler, T., 2022. Self-supervised trans-
formers for fMRI representation, in: Proceedings of The 5th International
Conference on Medical Imaging with Deep Learning, PMLR. pp. 895-913.
doi:10.48550/arXiv.2112.05761.

Pedregosa, F., Varoquaux, G., Gramfort, A., Michel, V., Thirion, B., Grisel, O.,
Blondel, M., Prettenhofer, P., Weiss, R., Dubourg, V., Vanderplas, J., Passos,
A., Cournapeau, D., Brucher, M., Perrot, M., Duchesnay, E., 2011. Scikit-
learn: Machine learning in Python. Journal of Machine Learning Research
12, 2825-2830. doi:10.5555/1953048.2078195.

Petersen, R.C., Aisen, P.S., Beckett, L.A., Donohue, M.C., Gamst, A.C., Har-
vey, D.J., Jack, C.R., Jagust, W.J., Shaw, L.M., Toga, A.W., Trojanowski,
J.Q., Weiner, M.W., 2010. Alz-heimer’s disease neuroimaging initiative
(ADNI). Neurology 74, 201-209. doi:10.1212/WNL. 0b013e3181cb3e25.

Rish, 1., Thyreau, B., Thirion, B., Plaze, M., Paillere-martinot, M.1., Martelli,
C., Martinot, J.1., Poline, J.b., Cecchi, G., 2009. Discriminative network
models of schizophrenia, in: Advances in Neural Information Processing
Systems, Curran Associates, Inc. URL: https://proceedings.neurip
s.cc/paper_files/paper/2009/file/788d986905533aba0512614
97ecffcbb-Paper.pdf.

Rubin, E.H., Storandt, M., Miller, J.P., Kinscherf, D.A., Grant, E.A., Morris,
J.C., Berg, L., 1998. A Prospective Study of Cognitive Function and Onset
of Dementia in Cognitively Healthy Elders. Archives of Neurology 55, 395—
401. doi:10.1001/archneur.55.3.395.

Schaefer, A., Kong, R., Gordon, E.M., Laumann, T.O., Zuo, X.N., Holmes,
A.J., Eickhoff, S.B., Yeo, B.T.T., 2017. Local-Global Parcellation of the
Human Cerebral Cortex from Intrinsic Functional Connectivity MRI. Cere-
bral Cortex 28, 3095-3114. doi:10.1093/cercor/bhx179.

Shen, H., Wang, L., Liu, Y., Hu, D., 2010. Discriminative analysis of resting-
state functional connectivity patterns of schizophrenia using low dimen-
sional embedding of fMRI. Neurolmage 49, 3110-3121. doi:10.1016/
j.neuroimage.2009.11.011.

Simonyan, K., Vedaldi, A., Zisserman, A., 2014. Deep inside convolutional

16

networks: Visualising image classification models and saliency maps doi:10
.48550/arXiv.1312.6034.

Sundararajan, M., Taly, A., Yan, Q., 2017. Axiomatic attribution for deep net-
works. arXiv doi:10.48550/arXiv.1703.01365.

Tamminga, C.A., Pearlson, G., Keshavan, M., Sweeney, J., Clementz, B.,
Thaker, G., 2014. Bipolar and Schizophrenia Network for Intermediate
Phenotypes: Outcomes Across the Psychosis Continuum. Schizophrenia
Bulletin 40, S131-S137. doi:10.1093/schbul/sbt179.

Tolstikhin, I., Houlsby, N., Kolesnikov, A., Beyer, L., Zhai, X., Unterthiner, T.,
Yung, J., Steiner, A., Keysers, D., Uszkoreit, J., Lucic, M., Dosovitskiy, A.,
2021. MLP-mixer: An all-MLP architecture for vision. arXiv doi:10.485
50/arXiv.2105.01601.

Valliani, A.A.A., Ranti, D., Oermann, E.K., 2019. Deep learning and neurol-
ogy: a systematic review. Neurology and therapy 8, 351-365. doi:10.100
7/s40120-019-00153-8.

van den Heuvel, M.P., Hulshoff Pol, H.E., 2010. Exploring the brain network: A
review on resting-state fMRI functional connectivity. European Neuropsy-
chopharmacology 20, 519-534. doi:10.1016/j.euroneuro.2010.03.
008.

Van Essen, D.C., Smith, S.M., Barch, D.M., Behrens, T.E., Yacoub, E., Ugur-
bil, K., 2013. The WU-Minn human connectome project: An overview.
Neurolmage 80, 62-79. doi:10.1016/j .neuroimage.2013.05.041.

Vaswani, A., Shazeer, N., Parmar, N., Uszkoreit, J., Jones, L., Gomez, A.N.,
Kaiser, L., Polosukhin, I., 2017. Attention is all you need. arXiv doi:10.4
8550/arXiv.1706.03762.

Warren, S.L., Moustafa, A.A., 2023. Functional magnetic resonance imaging,
deep learning, and Alz-heimer’s disease: A systematic review. Journal of
Neuroimaging 33, 5-18. doi:10.1111/jon.13063.

Yeung, H.W., Stolicyn, A., Buchanan, C.R., Tucker-Drob, E.M., Bastin, M.E.,
Luz, S., Mclntosh, A.M., Whalley, H.C., Cox, S.R., Smith, K., 2023. Pre-
dicting sex, age, general cognition and mental health with machine learning
on brain structural connectomes. Human Brain Mapping 44, 1913-1933.
doi:10.1002/hbm. 26182.

Ying, C., Cai, T., Luo, S., Zheng, S., Ke, G., He, D., Shen, Y., Liu, TY.,
2021. Do transformers really perform bad for graph representation? arXiv
doi:10.48550/arXiv.2106.05234.

Zeng, A., Chen, M., Zhang, L., Xu, Q., 2022. Are transformers effective for
time series forecasting? arXiv doi:10.48550/arXiv.2205.13504.

Cetin, M.S., Christensen, F., Abbott, C.C., Stephen, J.M., Mayer, A.R., Caiiive,
J.M., Bustillo, J.R., Pearlson, G.D., Calhoun, V.D., 2014. Thalamus and
posterior temporal lobe show greater inter-network connectivity at rest and
across sensory paradigms in schizophrenia. Neurolmage 97, 117-126.
doi:10.1016/j .neuroimage.2014.04.009.



Data and Code Availability Statement

Data and Code Availability. The model implementations and the experimental setup used in
our work can be found at https://github.com/neuroneural/meanMLP. This work does not
introduce any new datasets; all datasets used in our work are properly referenced in the body

of the paper.




Title page with author details

A Simple but Tough-to-Beat Baseline for fMRI Time-series Classification

abl Jsman Mahmood?, Zening Fu*®, Carl Yang®, Vince Calhoun®®, Sergey Plis*®

Pavel Popov
@ TReNDS Center, Georgia State University, Georgia Institute of Technology, Emory University , Atlanta, 30303, GA, USA
b Georgia State University , Atlanta, 30303, GA, USA
¢ Emory University , Atlanta, 30303, GA, USA

Abstract

Current neuroimaging studies frequently use complex machine learning models to classify human fMRI data, distinguishing healthy
and disordered brains, often to validate new methods or enhance prediction accuracy. Yet, where prediction accuracy is a concern,
our results suggest that precision in prediction does not always require such sophistication. When a classifier as simple as logistic
regression is applied to feature-engineered fMRI data, it can match or even outperform more sophisticated recent models. Classi-
fication of the raw time series fMRI data generally benefits from complex parameter-rich models. However, this complexity often
pushes them into the class of black-box models. Yet, we found that a relatively simple model can consistently outperform much
more complex classifiers in both accuracy and speed. This model applies the same multi-layer perceptron repeatedly across time
and averages the results. Thus, the complexity and black-box nature of the parameter rich models, often perceived as a necessary
trade-oft for higher performance, do not invariably yield superior results on fMRI.

Given the success of straightforward approaches, we challenge the merit of research that concentrates solely on complex model
development driven by classification. Instead, we advocate for increased focus on designing models that prioritize the explain-
ability of fMRI data or pursue applicable objectives beyond mere classification accuracy, unless they significantly outperform
logistic regression or our proposed model. To validate our claim, we explore possible reasons for the superior performance of our
straightforward model by examining the innate characteristics of fMRI time series data. Our findings suggest that the sequential
information hidden in the temporal order may be far less important for the accurate fMRI classification than the stand-alone pieces
of information scattered across the frames of the time series.
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Highlights:

e A surprisingly simple MLP model outperforms complex Al models in fMRI
classification
This simple MLP generalizes to unrelated datasets posing the same prediction task
These findings hold across many datasets, disorders, and processing pipelines
fMRI dynamics may contain much less discriminative information than commonly
believed

e Predictive accuracy alone may not justify using complex Al models with fMRI data
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