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Université Paris-Saclay, Inria, CEA, Palaiseau 91120, France



Abstract
Anatomical and functional inter-individual variability
poses a significant challenge to group analyzes in neu-
roimaging studies. While anatomical templates help to
mitigate morphological differences by coregistering sub-
jects in fMRI, they fail to account for functional vari-
ability, often leading to blurred activation patterns on
the template due to group-level averaging. To address
this, hyperalignment identifies fine-grained correspon-
dences between functional brain maps of different sub-
jects, with Procrustes analysis and Optimal Transport
being among the most effective approaches. However
many hyperalignment-based imaging studies rely on se-
lecting a single target subject as the reference to which
all other subjects’ data are aligned. We argue that a func-
tional template obviates the need for this arbitrary se-
lection, effectively encapsulating population similarities
while preserving anatomical coherence. Using several
tasks from the Individual Brain Charting dataset, we as-
sess the benefit of hyperalignment on template estima-
tion and on decoding accuracy. Our results show that (a)
functional templates produce more localized activation
clusters than traditional anatomical averaging, improv-
ing the interpretability of population-level studies, and (b)
they preserve or enhance the semantic content of brain
activations, leading to comparable or higher classifica-
tion accuracies in most tasks compared to anatomical or
pairwise functional alignment.
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Introduction
In functional magnetic resonance imaging (fMRI), comparing
neural activity patterns across individuals presents a funda-
mental challenge due to variations in both brain anatomy and
function. Traditional anatomical normalization approaches
map individual brains onto standard templates (Fonov et al.
(2009)), but do not adequately capture functional differences
between subjects (Haxby et al. (2001); Sabuncu et al. (2009)).

Functional alignment has emerged as a complementary
approach, with current techniques falling into two categories:
pairwise and template-based approaches. Pairwise meth-
ods, including Procrustes Analysis (Guntupalli et al. (2016))
and Optimal Transport (OT)-based alignment (Bazeille et al.
(2019)), directly map functional responses between pairs of
subjects but introduce potential bias through reference sub-
ject selection.

Template-based functional alignment addresses these
limitations by creating a shared representational space. Meth-
ods such as Hyperalignment (Guntupalli et al. (2016)) and
Wasserstein barycenters (Agueh & Carlier (2011)) eliminate
arbitrary subject selection and have shown promise in im-
proving group-level analyses (Jeganathan et al. (2024)). Un-
like the Shared Response Model (SRM) (Chen et al. (2015))
which relies on latent space representation, functional tem-

plates in image space maintain direct correspondence with
brain anatomy, providing interpretable composite representa-
tions.

Our study addresses key knowledge gaps by conducting
a comprehensive evaluation using the Individual Brain Chart-
ing (IBC) dataset (Pinho et al. (2018)). We compare pairwise
versus template-based alignment methods and examine their
impact on task decoding performance, specifically evaluating
Procrustes and Optimal Transport approaches in both con-
texts.

Methods
Alignment Methods
We evaluate two alignment approaches in both pairwise and
template-based configurations:

Procrustes Analysis seeks an orthogonal transformation
matrix M and scaling factor s that optimally align source and
target task maps by minimizing:

min
P=sM

∥FsP−Ft∥2
F (1)

Optimal Transport computes a transport plan P that mini-
mizes the cost of mapping voxel-wise responses with entropic
regularization:

min
P

Tr(PC)+ εE(P) (2)

For computational tractability and to constrain voxel cor-
respondences within anatomically meaningful neighborhoods
(avoiding spurious long-range correspondences), we adopt a
piecewise alignment approach using the Schaefer atlas with
400 parcels (Schaefer et al. (2017)) following Bazeille et al.
(2021).

Template Construction follows an alternating minimization
scheme where the template FT minimizes:

FT ∈ argmin
F

S

∑
s=1

∥FsPs −F∥2
F (3)

Dataset and Evaluation
We used fMRI data from the Individual Brain Chart-
ing (IBC) dataset comprising 13 participants across six
tasks: Audio, FaceBody, Mario, MathLanguage, RSVPLan-
guage, and Working Memory. Data were preprocessed us-
ing Pypreprocess with anatomical registration to the 3mm
MNI152NLin2009cAsym template.

Task-based decoding analysis employed leave-one-
subject-out cross-validation. For pairwise alignments, training
data from all subjects except the test subject were projected
onto the test subject’s space. For template-based alignments,
a functional template was constructed and all subjects’ data
projected onto this common space. We used fmralign1 for
functional alignment and linear support vector classifiers for
classification.

1https://github.com/Parietal-INRIA/fmralign

https://github.com/Parietal-INRIA/fmralign
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Figure 1: Task classification accuracies across alignment
methods. Classification accuracies using leave-one-subject-
out cross-validation, with one accuracy score per subject. Er-
ror bars denote variance across subjects. Anatomical align-
ment provides baseline performance using only anatomical
template registration. Template-based methods align all sub-
jects to a common functional template before cross-validation.
Pairwise methods align training subjects to the left-out test
subject. Dashed lines indicate chance-level performance.

Results

Figure 1 presents task classification results across alignment
methods. Template-based Optimal Transport (OT) achieved
the highest classification accuracy on 5/6 tasks, with anatom-
ical alignment performing best only on the Mario task. OT-
based approaches consistently outperform Procrustes meth-
ods across all tasks, with template-based OT being the only
method to systematically exceed the anatomical baseline.
Statistical significance testing confirms these performance dif-
ferences, with OT methods showing significant improvements
(p < 0.01 to p < 0.001) over anatomical alignment on most
tasks. Besides improved decoding accuracy, functional tem-
plate alignment also affects the spatial organization of task-
discriminatory brain regions. Figure 2 demonstrates this ef-
fect by analyzing the distribution of cluster sizes for discrimi-
natory voxels. While anatomical alignment produces broadly
distributed activation patterns, template alignment methods
generate more spatially concentrated clusters of both activa-
tion t-values and weights, while maintaining similar voxel-wise
distribution profiles for both measures.
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Figure 2: Distributions of t-values and weights after tem-
plate alignment. Top row displays the distribution profiles of t-
values and classifier weights across different template-based
methods, illustrating how alignment techniques influence sta-
tistical parameter distributions for the FaceBody task. Bottom
row quantifies the distribution of cluster sizes across meth-
ods for both activation patterns and decoder weights. Clusters
were defined as connected components after thresholding at
the top 20% of each quantity of interest.

Discussion
Our findings confirm the advantage of template-based align-
ment over pairwise methods in functional alignment, with OT-
based template alignment achieving the highest overall clas-
sification accuracy. This approach offers three key benefits:
Computational Efficiency – Template-based alignment re-
quires only S projections (one per subject) compared to S(S−
1) projections for pairwise methods in cross-validation scenar-
ios, significantly reducing computational cost.
Enhanced Interpretability – Unlike latent-space methods
such as SRM, functional templates maintain direct correspon-
dence with brain anatomy, allowing traditional neuroimaging
analysis while creating more spatially focused activation and
classification patterns compared to anatomical registration.
Superior Performance – Template-based OT alignment
achieves superior decoding performance while simultane-
ously simplifying the alignment process by eliminating the
need to select a reference subject. This removal of arbi-
trary reference subject selection not only reduces method-
ological bias but also leads to enhanced classification accu-
racy, demonstrating that the template-based approach pro-
vides both methodological and performance advantages over
pairwise alignment methods.
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