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Mapping functional homologies between
human and marmoset brain networks
using movie-driven ultra-high field fMRI
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Naturalistic stimuli, such as movies, offer a powerful tool for probing functional brain organization
across species. Using movie-driven functional magnetic resonance imaging (md-fMRI), we recorded
brain activity in humans and awake marmosets exposed to the same dynamic audiovisual stimulus.
We applied tensor independent component analysis (tICA) to identify functional networks in each
species, hierarchically cluster them, and examine their within- and between-species temporal
correlations to assess functional homologies. We found strong interspecies correspondence in core
sensory networks, particularly those involved in visual and auditory processing, suggesting conserved
mechanisms for sensory integration. In contrast, networks associated with higher-order cognition,
including prefrontal and temporoparietal areas, were observed primarily in humans, highlighting
species-specific specializations. These findings demonstrate the value of naturalistic paradigms and
data-driven approaches in revealing both shared and divergent brain architectures. By openly sharing
our data and pipelines, we aim to advance the marmoset as a model for investigating the evolutionary

foundations of brain function.

The common marmoset (Callithrix jacchus) is gaining traction as a primate
model in neuroscience due to its small size, rapid maturation, and rich
cognitive and social behaviors'~”. The New World marmoset shares key
features with Old World monkeys and humans, including a granular pre-
frontal cortex’, a complex visual system’, and comparable visuomotor
behaviors®’. Recent studies have also uncovered an extensive network
dedicated to processing conspecific vocalizations, consistent with the spe-
cies’ reliance on social communication®"’.

As interest in the marmoset grows, understanding the functional
organization of its brain—and how it compares to the human brain—
becomes increasingly important. Functional magnetic resonance imaging
(fMRI) provides a powerful tool for this purpose, enabling whole-brain
recordings during task-based or resting-state paradigms. Prior studies have
successfully used both approaches to compare human and marmoset brain
function, revealing homologous resting-state networks' ™" and activations
in response to shared stimuli'>'°.

However, both fMRI approaches have limitations. Resting-state fMRI
can reveal functional connectivity across brain regions'”'® but lacks the
specificity to identify networks driven by behaviorally relevant stimuli.
Moreover, although resting-state activity is spontaneous, it is also highly
dependent on the subject’s internal state—which is often unknown or

uncontrolled—making interspecies comparisons of functional networks
difficult. Task-based fMRI, by contrast, allows for direct comparison of
stimulus-driven responses and has been used extensively in humans'®",
macaques™™', and marmosets™ . Yet this method is limited by the
impracticality of designing and repeating numerous functional localizers
across the entire brain, especially in non-human primates.

Movie-driven fMRI (md-fMRI) has emerged as a promising alter-
native. Naturalistic movie stimuli offer an ecologically valid alternative to
conventional task paradigms by providing continuous, multisensory input
that more closely resembles real-life experience. Prior work has shown that
movies elicit robust and reliable neural responses across visual, auditory, and
higher-order cognitive systems both in humans”™ and non-human
primates'’*”, making them particularly suitable for comparative and
translational research. Importantly, movie stimuli allow for the simulta-
neous engagement of multiple brain systems while preserving experimental
control and repeatability. Crucially, such stimuli also maintain the
engagement of non-human primates during long fMRI sessions. Finally,
recent literature suggests that the brain may be more strongly “tuned” to
naturalistic than to artificial stimuli, such that movies and other real-world
narratives can evoke more reliable and representative patterns of neural
activity across sensory and cognitive systems (for review, see ref. 36).
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In this study, we presented a naturalistic movie featuring diverse visual
and auditory stimuli to eight marmosets and nineteen humans. Using tensor
independent component analysis (tICA), a data-driven approach well suited
to naturalistic paradigms, we identified 20 functional components in each
species. We then examined their temporal dynamics within and across
species to identify potential functional homologs. Our findings reveal both
conserved and divergent patterns of brain activity, shedding light on the
evolutionary organization of sensory and cognitive networks in primates.

Results

Marmoset tICA components

Of the 20 components produced by tICA decomposition of the marmoset
data, 12 were classified as functional (non-noise) based on spatial dis-
tribution and temporal power spectra (Fig. 1). These components encom-
passed a broad range of sensory, motor, and associative brain areas, and
were grouped into networks based on anatomical distribution and func-
tional relevance.

Three components (MA, MC, and MD) were categorized as higher-
order visual networks (HOV) given their anatomical distribution and
alignment with prior resting-state studies'>””. These exhibited strong
bilateral activation in occipitotemporal visual areas as well as prefrontal
cortex regions, including areas 8Av, 8C, 45, and 47. Subcortical activation in
these networks included the pulvinar and superior colliculus, indicating
integration of visual and attentional processing. Two additional compo-
nents (MB and MF) were identified as subcortical-visual networks (SUV).
These shared overlap with the HOV components in both visual and pre-
frontal cortex but extended further into subcortical regions, including the
caudate, putamen, and thalamus, and recruited parietal areas such as LIP,
AIP, PE, PG, and PGM.

A single component (ME) was classified as a somatomotor network
(SOM), with strong activation in primary somatosensory cortex (areas 1/2,
3a,and 3b), motor cortex (area 4ab), and ventral premotor cortex (areas 6Va
and 6VD). Its spatial pattern closely matches the somatomotor ventral
component previously described in the literature'*"**"*, likely reflecting
widespread engagement of sensorimotor regions during the observation of
behaviorally relevant stimuli in the movie. Component MG displayed a
pattern consistent with a default mode network (DMN)'""**"~*, with acti-
vation in posterior cingulate, medial parietal areas (MIP, LIP, OPt), and
dorsomedial prefrontal cortex (areas 6DC, 6DR, 8aD, and 8C), along with
subcortical regions such as the hippocampus and caudate.

Component MH extended across medial occipital cortex, orbitofrontal
cortex, and the putamen and was labeled an occipitoparietal network (OP),
likely involved in integrating visual and contextual information. Compo-
nent MI was more spatially restricted to early visual areas, including V1 and
MT, and was identified as a primary visual network (PVIS)"***, In contrast
to these cortical-dominant components, M] exclusively encompassed sub-
cortical structures—putamen, caudate, globus pallidus, and ventral thala-
mus—without cortical involvement, defining a basal ganglia network
(BG)"*"*. Component MK, the motor-cerebellar network (MCE), revealed
co-activation of cerebellar regions, motor and premotor cortex (4ab, 6DC,
6DR, and 6 M), and the periaqueductal gray, possibly reflecting coordinated
sensorimotor integration. Lastly, component ML was localized to the core,
belt, and parabelt auditory cortex and was labeled the auditory network
(AUD), consistent with prior studies using resting-state data in
marmosets' >,

Figure. 2A illustrates that frequently recruited voxels were most
prominent in prefrontal, auditory, and visual cortices, as well as in sub-
cortical structures like the caudate and superior colliculus. These patterns
were not simply a byproduct of data quality, as comparison with the
temporal signal-to-noise ratio (tSNR) map (Fig. 2B) confirmed that
component distributions did not merely reflect regions of high SNR.
Quantitative comparison of mean tSNR between cortical and subcortical
regions revealed significantly higher signal quality in the cortex (paired ¢-
test: t=3.01, df = 39, p = 0.0046)

Marmoset component relationships

To assess the interrelationships among the functional networks, we com-
puted temporal correlations between component timecourses and per-
formed hierarchical clustering (Fig. 3A). The resulting dendrogram revealed
four distinct network groupings, which were mirrored in the within-species
correlation matrix (Fig. 3B).

The first cluster consisted of multisensory networks, grouping together
the HOV, SUV, and AUD components. HOV and SUV components were
strongly inter-correlated (r=0.83-0.96), suggesting coordinated engage-
ment of visual systems during naturalistic movie viewing. The auditory
component (AUD) showed moderate correlations with both HOV and
SUV components (r = 0.36-0.50).

A second, largely independent cluster contained the SOM network,
which showed weak correlation with the motor-cerebellar component
(MCE; r=0.14) and moderate to strong anticorrelations with all other
functional components (r = -0.32 to —0.96). A third group—comprising the
visual-default cluster—included the PVIS, DMN, and OP components,
which were internally well correlated (r=0.70-0.72), showed weak to
moderate correlations with subcortical-visual components, and antic-
orrelated with the auditory network. Their correlations with the higher-
order visual networks were more heterogeneous: PVIS and DMN showed
generally weak to moderate correlations, while OP exhibited antic-
orrelations. Finally, a subcortical-motor cluster, composed of the BG and
MCE networks, showed moderate correlation with each other (r = 0.48) and
weak to moderate associations with the visual-default cluster. Interestingly,
their correlation patterns with other components were diametrically
opposed: the BG network showed fair-to-moderate positive correlations
with the multisensory cluster and negative correlation with SOM, while the
MCE network displayed the reverse pattern.

Human tICA

In the human dataset tICA decomposition, 14 of the 20 components were
categorized as functionally relevant based on their anatomical distribution
and frequency spectra (Fig. 4). These networks spanned primary sensory,
association, and higher cognitive domains, enabling a direct comparison
with the networks identified in marmosets.

Three components—HA, HB, and HE—were grouped as HOV. These
included bilateral activation in occipital and parietal cortices, consistent with
dorsal and ventral visual streams. Notably, component HB engaged the
frontal eye fields (FEF), middle temporal areas and lateral intraparietal
cortex, resembling an attentional control network or the dorsal attention
network.

Two components, HC and HG, were classified as audiovisual networks
(AV). These showed strong activation in the superior temporal sulcus (STS)
and auditory cortex, and in the case of HC, also included prefrontal regions
such as the inferjor frontal gyrus (IFG), area 8 Av, and PEF. Component HG
extended into the retrosplenial complex (RSC), suggesting involvement in
integrating auditory, visual, and contextual information.

Component HF was identified as a pure auditory network (AUD), with
strong activation in the auditory cortex, STS, and insula. Like HG, it over-
lapped with the RSC, reflecting potential convergence of sensory and
default-related processes.

Two executive networks (EXE) were detected: HD, a bilateral network
spanning dorsolateral prefrontal cortex, anterior cingulate, and parietal
regions, also engaging the basal ganglia; and HM, a left-lateralized network
including the posterior temporal region, large portions of the medial and
lateral prefrontal cortices, and parietal cortex, strongly resembling the
frontoparietal executive network often reported in literature*' ™,

The insular network (INS), component HH, encompassed the anterior
insula, anterior cingulate cortex, and PF complex—regions consistent with
the salience network described in humans®.

Somatomotor (SOM) functions were represented by component HI,
which showed strong bilateral activation in the precentral and postcentral

gyri and aligned with typical somatomotor maps*' ™.
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Fig. 1 | Spatial maps of the 12 functional marmoset tICA components. Com- (SOM), default mode (DMN), occipitoparietal (OP), primary visual (PVIS), basal
ponents are represented on sagittal, coronal, and transversal slices of a high- ganglia (BG), motor-cerebellar (MCE), and auditory (AUD) networks. Compo-
resolution template of the marmoset brain®. Brain coordinates of the presented nents were selected based on spatiotemporal features and visual inspection. Color
perspective are reported in the left bottom corner of each panel. Components indicates voxel-wise z-scores, thresholded at p < 0.5 (posterior probability that a
include higher-order visual (HOV), subcortical-visual (SUV), somatomotor voxel belongs to the active distribution rather than noise).
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Fig. 2 | Spatial distribution and tSNR of marmoset components. A Probability values in black. The similarity between frequently recruited regions and high-tSNR
map showing the number of functional components in which each voxel was active  areas confirms that component patterns were not driven solely by signal quality. In

(thresholded as indicated in Fig. 1). Voxels most frequently recruited across com-  both panels, the maps are shown on flat surface representations of the marmoset
ponents are concentrated in prefrontal, auditory, visual, and subcortical regions. brain, with white lines delineating the Paxinos parcellation” of the NTH marmoset
B Mean tSNR map across marmosets showing the average quality of the BOLD brain atlas*, and on coronal slices of a marmoset brain anatomical image at different
signal across the brain, with higher tSNR values represented in yellow and lower inter-aural levels.
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Fig. 3 | Marmoset component clustering and temporal relationships.

A Hierarchical clustering dendrogram of the 12 functional marmoset components
using squared Euclidean distance and Ward’s linkage. Colors indicate functional
clusters: multisensory (red), somatomotor (green), visual-default (turquoise), and
subcortical-motor (purple). B Within-species correlation matrix showing pairwise
temporal correlations (Pearson’s r) between component timecourses. Components
are ordered based on the sequence specified by the hierarchical clustering tree.
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Networks within the same functional group show strong positive correlations, while
cross-cluster relationships are more variable, including anticorrelations between
somatomotor and multisensory networks. Clusters identified through hierarchical
clustering are highlighted on the matrices with colored squares, following the same
color scheme presented in panel A. Red shades indicate positive correlations, while
blue shades represent negative correlations. Only correlations with an absolute r
value greater than 0.10 are displayed.
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Fig. 4 | Spatial maps of the 14 functional human tICA components. Z-scored (PVIS), language (LAN), and default mode (DMN). Color indicates voxel-wise z-
spatial maps of each human component are overlaid on the MNI152 template. MNI  scores, thresholded at p < 0.5 (posterior probability that a voxel belongs to the active
coordinates of the presented perspective are reported in the left bottom corner of distribution rather than noise). Components were labeled based on spatial overlap
each panel. Networks include higher-order visual (HOV), audiovisual (AV), audi-  with known functional networks and their correspondence to task content.

tory (AUD), executive (EXE), insular (INS), somatomotor (SOM), primary visual
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Fig. 5 | Spatial distribution and tSNR of human components. A Probability map
showing the number of components in which each voxel was active across the 14
functional networks (thresholded as indicated in Fig. 4). High-frequency recruit-
ment was observed in auditory and visual areas, with sparse representation in
somatosensory and ventral temporal cortex. B Mean tSNR map across all human

participants. Visual inspection confirms that functional component distributions
were not solely determined by tSNR patterns. Both maps are projected onto inflated
and flat surface representations of the human brain, as well as onto coronal slices
from an anatomical template in MNI space. White outlines indicate cortical areas
based on the Human Connectome Project’s multi-modal parcellation atlas™.

Early visual processing was captured by two PVIS networks—com-
ponents HJ and HK—covering V1, V2, and adjacent areas. Notably, com-
ponent HK has sometimes been considered part of the human default mode
network due to its anatomical distribution, which includes the boundary
between the medial occipital cortex and the posterior cingulate cortex*"*.

Component HL, designated the language network (LAN), activated
frontal areas (left IFG, 44, 45, 47), superior frontal language area (SFL),
posterior STS, and temporal pole areas (TPOJ, TG), with an additional

cluster in the posterior cingulate'.

Finally, component HN was identified as the DMN, encompassing the
medial prefrontal cortex, PCC, angular gyrus, and hippocampus, consistent
with canonical DMN architecture described in resting-state and naturalistic
fMRI studies’"*>**.

Voxel-wise probability maps (Fig. 5A) indicated the most consistent
recruitment across participants in auditory and visual cortices. By contrast,
somatosensory and ventral temporal areas showed relatively sparse
recruitment. These spatial patterns were not explained by signal quality, as
confirmed by comparison with the tSNR map (Fig. 5B), supporting the
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functional relevance of the extracted components. Similarly, comparison of
mean tSNR between cortical and subcortical regions did not reveal a sig-
nificant difference (paired t-test: t;3) = —1.45, p = 0.164), suggesting that the
lack of a basal ganglia network in the human sample is unlikely to be
explained only by signal quality differences.

Human component relationships

Hierarchical clustering of the 14 human functional components (Fig. 6A)
revealed three major groupings, reflected in the corresponding within-
species correlation matrix (Fig. 6B).

The first branch of the dendrogram encompassed two functionally
distinct but moderately linked clusters. The first comprised the two PVIS
networks (PVISI and PVIS2), which were strongly correlated with each
other (r=0.64), reflecting their shared involvement in early visual proces-
sing. The second cluster was a sensorimotor-executive-insular group, com-
prising the SOM, EXEI, and INS networks, which also showed strong
mutual correlations (r=0.58-0.75), suggesting co-activation related to
action observation, executive demands, or salience-driven processes. These
two clusters were grouped together based on moderate cross-cluster cor-
relations, most notably between SOM and PVIS1 (r = 0.40), though SOM
was weakly anticorrelated with PVIS2 (r = -0.15), indicating some degree of
functional separation.

The second branch was a multisensory network group, containing the
HOV, AV, and AUD components. These networks were moderately or
highly intercorrelated (r = 0.24-0.93), reflecting the integrated audiovisual
nature of the stimulus and the simultaneous activation of visual and audi-
tory pathways.

Three components—LAN, EXE2, and DMN—were more weakly
correlated with other networks, forming functionally distinct entities. The
LAN component showed minimal temporal correlation with either sensory
or attentional networks. EXE2 showed weak correlation with visual com-
ponents and anticorrelation with EXE1, indicating a potentially distinct
functional role. The DMN component exhibited little to no correlation with
other networks.

Cross-species correlations

To assess the degree of temporal alignment between functional brain net-
works across species, we computed the cross-species correlation matrix
based on the timecourses of the 12 marmoset and 14 human functional
components (Fig. 7). This analysis revealed two major network groupings
that differed in the strength and structure of their interspecies
correspondence.

The first was a conserved multisensory cluster, comprising audiovisual
and visual networks in both humans and marmosets. This group included
the HOV, SUV, AUD, and AV components. Networks within this cluster
demonstrated modest to strong interspecies correlations, with values ran-
ging from r=0.27 to 0.60. Notably, the marmoset HOV and SUV com-
ponents showed robust temporal alignment with human HOV and AV
networks. The marmoset AUD was most strongly correlated with the
human AUD and AV networks, with cross-species correlations reaching
r=0.56-0.59.

The second major grouping represented a divergent cognitive cluster,
encompassing components associated with somatomotor, executive, default
mode, and subcortical-motor functions. This cluster showed only weak to
modest cross-species correlations (r = 0.12-0.38) and differed in composi-
tion between species. In humans, it included the SOM, INS, and EXE1
components, along with the PVIS network. In marmosets, the corre-
sponding cluster included PVIS, SOM, OP, DMN, BG, and MCE
components.

Importantly, several human components—particularly those asso-
ciated with higher cognition—exhibited minimal or no correlation with any
marmoset network. Notably, the LAN network, characterized by strong left-
lateralization and robust activation of frontal and temporal language areas,
showed weak correlations across all marmoset components.

Similarly, the left-lateralized EXE2 network showed minimal alignment
with any marmoset component and was weakly anticorrelated with the
marmoset DMN and subcortical-motor clusters.

The DMN in humans also lacked a clear homolog in the marmoset
data. Although a marmoset DMN component was identified (component
MG), it did not correlate strongly with the human DMN and instead aligned
more closely with marmoset visual and parietal networks and with the
human primary visual, EXE1 and INS networks.

Discussion

In this study, we used md-fMRI to compare brain activity in humans and
common marmosets as they watched the same naturalistic audiovisual
stimulus. This paradigm provided a rich, ecologically valid context to assess
cross-species functional network organization, expanding upon our earlier
work identifying interspecies homologies in face-selective visual areas'’. By
introducing diverse auditory and visual content—including conspecific and
heterospecific vocalizations, human speech, and dynamic scenes—we
engaged a broader range of sensory and associative regions, allowing for a
more comprehensive examination of shared and divergent brain networks.

To analyze these responses, we applied tICA, a fully data-driven
method that decomposes brain activity into temporally and spatially inde-
pendent components without reliance on predefined network templates.
This approach is well-suited to complex, continuous stimuli like movies,
enabling the extraction of distinct functional networks that reflect moment-
to-moment neural dynamics. Our analysis extracted 20 components per
species, of which 12 in marmosets and 14 in humans were identified as
functionally relevant (i.e., non-noise). We then compared temporal
dynamics of these networks within and across species.

We observed moderate to strong cross-species correlations among core
sensory systems, particularly those supporting audiovisual processing.
HOV, SUV, and AUD networks formed tightly correlated clusters in both
species. These findings suggest a shared temporal structure in how primate
brains process dynamic audiovisual input, despite differences in cortical
architecture and specialization’*’. The high degree of within- and between-
species temporal correlation among these networks reinforces the idea that
sensory integration, especially in naturalistic contexts, is supported by
evolutionarily conserved mechanisms.

In contrast, components linked to higher cognitive functions—
including language, executive control, and default mode processes—were
uniquely observed in humans and did not correlate with any marmoset
networks. The LAN network, for instance, exhibited strong left-lateralized
recruitment of frontal and temporal regions traditionally associated with
speech comprehension and semantic processing. Its absence in marmosets
aligns with the lack of linguistic capacity in non-human primates and
underscores the human specificity of this network’. Similarly, a left-
lateralized executive component resembling the frontoparietal executive
network'' ™ emerged only in humans, suggesting a functional specialization
not mirrored in the marmoset brain.

The internal organization of networks also differed markedly between
species. Human components exhibited greater segregation, with distinct
correlation clusters reflecting sensory, cognitive, and default mode systems.
In contrast, correlations among marmoset components were generally
higher, reflecting a tendency toward more broadly shared temporal fluc-
tuations across networks. This pattern suggests a more distributed and
overlapping functional organization in marmosets, where networks are less
differentiated and more broadly engaged by naturalistic stimuli. Such dif-
ferences may reflect evolutionary divergence in brain architecture and
processing capacity, with the human brain exhibiting a higher degree of
functional specialization.

Importantly, several findings confirmed and extended prior resting-
state fMRI observations. In marmosets, components resembling default
mode, somatomotor, visual, auditory, and basal ganglia networks closely
aligned with those identified in earlier studies'>"**"*, lending support to the
reproducibility and reliability of tICA under naturalistic stimulation.
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Fig. 6 | Human component clustering and temporal relationships. A Hierarchical
clustering dendrogram of the 14 functional human components using squared
Euclidean distance and Ward’s linkage. Clusters include primary visual (red),
sensorimotor-executive-insular (gold), multisensory (green), and functionally dis-
tinct components (light blue, dark blue, purple). B Within-species correlation matrix
showing pairwise temporal correlations (Pearson’s r) between component time-
courses. Components are ordered based on the sequence specified by the hierarchical
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clustering tree. Sensorimotor and audiovisual networks show high internal corre-
lation, while the language, executive-2, and DMN components are temporally dis-
tinct from other clusters. Clusters identified through hierarchical clustering are
highlighted on the matrices with colored squares, following the same color scheme
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represent negative correlations. Only correlations with an absolute r value greater
than 0.10 are displayed.
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Fig. 7 | Cross-species correlation matrix. Matrix showing temporal correlations
(Pearson’s r) between the 12 marmoset and 14 human functional components.
Warm colors indicate positive correlation; cool colors indicate anticorrelation. Two
major interspecies clusters emerge: a conserved multisensory cluster (upper left),
including visual, auditory, and audiovisual networks, and a divergent cognitive
cluster (lower right) comprising somatomotor, executive, and default mode

components. Language and lateralized executive networks in humans show little or
no correspondence in the marmoset. Only correlations with an absolute r value
greater than 0.10 are displayed. Asterisks indicate correlations that reached statistical
significance after FDR correction based on a permutation test (p < 0.05,

P <0.01%*, p < 0.001%%*),

Moreover, the networks extracted recruit all the major functional hubs
previously described in the awake marmoset brain'>*. Although many of
these hubs-identified in resting-state studies (e.g., caudate, putamen, tha-
lamus, areas 8Av and TE3)-are also highly recruited during movie viewing,
others appear less involved in the networks extracted by tICA. This dis-
crepancy raises the possibility that certain hubs play a more prominent role
in organizing intrinsic brain activity during rest, but are less dynamically
engaged during complex, multisensory stimulation. In other words, these
areas may act as central nodes within the brain’s default communication
architecture, but their functional influence may shift when the brain is
engaged in externally driven, stimulus-bound processing. This distinction
suggests that the role of functional hubs is not static, but rather dynamic and
context-dependent, modulated by the cognitive and sensory demands of the
environment.

In humans, canonical resting-state networks—including default mode,
somatomotor, executive, and insular networks'>'"****—were robustly
extracted, reinforcing their stability across task-free and naturalistic para-
digms. However, the movie-driven context allowed for the emergence of
additional components, particularly in sensory and multisensory domains,
that are less frequently resolved in resting-state conditions. This highlights
the utility of naturalistic stimuli for engaging diverse functional systems and
enhancing component separability.

The dynamic nature of the movie facilitated the emergence of multi-
sensory integration networks, especially in humans. Several audiovisual
components centered on the STS, a region known for integrating visual and
auditory input and implicated in speech and social perception™. In contrast,
marmosets showed fewer distinct audiovisual components, and these often
involved subcortical regions such as the superior colliculus and pulvinar—
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structures known to contribute to multisensory processing in non-human
primates™®. The presence of multisensory networks in both species
underscores the shared computational demands imposed by naturalistic
stimuli’>"*’. Nevertheless, these differences suggests that cortical multi-
sensory integration may be more anatomically and functionally elaborated
in humans, possibly reflecting adaptations for processing complex com-
municative stimuli such as speech.

Despite the absence of direct somatosensory stimulation, both species
exhibited well-defined somatomotor networks. These findings align with
previous studies reporting strong intrinsic connectivity in these regions
during rest'>"**"***“** and support the notion that spontaneous fluctuations
and action observation can activate sensorimotor systems. The content of the
movie, which included scenes of movement, social interaction, and goal-
directed behavior, may have engaged these networks via internal simulation
mechanisms” . This is consistent with evidence for action observation
networks in both humans®* and marmosets™, suggesting that cross-species
similarities in somatomotor engagement may reflect not only structural
homology but shared computational roles during passive observation.
Otherwise, the co-activation of somatomotor, insular, and executive regions
may also reflect engagement of broader integrative systems often referred to
as the salience network*® or, in other contexts, the so-called pain matrix*.
These overlapping designations highlight both the importance and the dif-
ficulty of assigning unique functional labels to networks that flexibly parti-
cipate in multiple processes, including salience detection, interoception, and
cognitive control. In our study, the relations observed between somatomotor,
executive, and insular components may therefore index a more general
mechanism for orienting attention and behavior toward salient, socially and
biologically relevant events in the movie, rather than reflecting a single
“executive” function. This underscores the need for caution in applying rigid
naming conventions and supports a more dynamic view of large-scale net-
works as multifunctional systems recruited according to contextual demands.

An intriguing aspect of our findings lies in the interpretation of the
marmoset DMN. While anatomically similar to the human DMN, the mar-
moset component labeled as DMN clustered with visual and occipitoparietal
networks and showed strong temporal coupling with sensory and subcortical
components—patterns not observed in humans. The human DMN was lar-
gely functionally segregated, exhibiting weak correlations with sensory and
executive systems. Furthermore, the marmoset DMN does not show temporal
coupling with the human DMN, whereas it shows moderate correlations with
the human executive and insular networks, which respectively resemble
known cognitive control and salience networks in humans"~**. This dis-
crepancy highlights a critical gap in our understanding of the marmoset
DMN: unlike the human DMN, which is extensively characterized in the
literature""*>*****, resting-state studies in marmosets report inconsistent
findings, with some identifying networks that resemble the human DMN
anatomically and others reporting divergent patterns' "%,

These observations raise the possibility that the so-called marmoset
DMN may serve a different function, perhaps related to visual attention or
environmental monitoring, rather than internally directed thought or
mind-wandering as in humans”. The lack of interspecies correlation
between DMN components, despite periods of reduced stimulation in the
movie, underscores the need to reconsider the functional equivalence of
these networks across species. However, it is important to note that during
naturalistic stimulation, DMN subregions may not exhibit the strong
anticorrelations with sensory and attentional networks typically reported in
resting-state studies” . Instead, emerging evidence suggests that DMN
activity in such contexts may be more dynamic and multifaceted, sup-
porting processes such as narrative comprehension, social cognition, or
integration of external and internal information””". This broader functional
repertoire could account for the atypical pattern of within-species correla-
tions observed in our human sample and may help explain why the human
DMN showed limited correlations with the marmoset DMN: while the
human network may flexibly adapt to complex cognitive demands, the
marmoset counterpart might engage in more basic or distinct functions,
leading to reduced interspecies correspondence during naturalistic

stimulation. Given the rich, naturalistic design and cross-species compar-
ability of our paradigm, this work may offer a valuable framework to further
clarify the architecture and role of the DMN in marmosets and its potential
evolutionary divergence from the human counterpart.

Subcortical networks also revealed interesting cross-species differ-
ences. In marmosets, we identified a distinct BG component encompassing
the caudate, putamen, and thalamus—structures frequently observed as
independent networks in marmoset resting-state studies'>'**”** and major
functional hubs of the marmoset brain™. This BG network showed strong
correlations with subcortical-visual components and the primary visual
network, suggesting integrated processing during movie viewing. In con-
trast, no basal ganglia component emerged from the human tICA decom-
position. This discrepancy is unlikely to reflect differences in signal quality,
as the mean tSNR in human subcortical structures was comparable to that of
cortical regions, whereas the marmoset exhibited lower subcortical tSNR yet
still yielded a clear basal ganglia network. Across all human components—
both those retained for analysis and those identified as noise—no compo-
nent showed distinctly higher weights in basal ganglia regions, suggesting
that these areas are represented more diffusely within the human functional
architecture. While some human studies do extract basal ganglia
components'>**”>”*, others do not*"*, pointing to variability in detectability
and functional coupling depending on species, analysis methods, and sti-
mulus context. It is therefore plausible that the observed interspecies dif-
ference arises from other factors, such as differences in the intrinsic
functional organization of subcortical networks or the specific parameters
used for temporal ICA decomposition, including the number of compo-
nents, initialization, and intersubject variability, all of which can affect
component reliability.

A similar pattern was observed with cerebellar networks. The motor-
cerebellar component in marmosets included motor cortex, cerebellum,
and periaqueductal gray—regions seldom observed as a unified network
in human resting-state studies. Its positive correlation with human
somatomotor and cognitive control networks, and negative correlation
with audiovisual systems, suggests a broader role in sensorimotor inte-
gration, potentially extending into cognitive domains. In humans, no
cerebellar network was extracted, consistent with known difficulties in
resolving posterior fossa activity in whole-brain ICA (53-56, but see
ref. 74). However, targeted ICA approaches have demonstrated the cer-
ebellum’s rich functional architecture”. We note that although a few noise
components included parts of the cerebellum, these were not reliable due
to artificial spatial distributions or noise-like frequency spectra. Other
factors, including tICA parameters, intersubject variability, motion, and
limited image coverage, may have further limited the recovery of cere-
bellar networks. Our findings suggest that naturalistic paradigms may
facilitate the recovery of cerebellar activity, particularly in species like the
marmoset where the cerebellum may play a more integrated role in
behavior.

Finally, in addition to the previously discussed default mode network,
our analysis revealed two other human networks—the language and EXE2
components—that lacked clear analogs in the marmoset dataset. Their
absence could reflect several factors: species differences in anatomical
expansion and specialization®; divergence in cognitive capacity; and dif-
ferences in the relevance of the movie content. For instance, the LAN
network”” likely emerged due to the presence of continuous speech, which
holds semantic value for human viewers but likely lacks meaningful content
for marmosets™'. The EXE2 component, strongly lateralized and resembling
the frontoparietal executive network described in resting-state studies*'~**"*,
may reflect uniquely human mechanisms for sustained attention, memory
orgoal-directed processing consistent with evolutionary expansions in lat-
eral prefrontal cortex. The emergence of such networks highlights the
sensitivity of md-fMRI and tICA to cognitive specialization and underscores
the value of cross-species comparison in understanding the evolution of
brain function.

In summary, our findings demonstrate that movie-driven fMRI, when
combined with data-driven analytical techniques like tICA, provides a
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powerful platform for mapping functional brain organization across species.
This approach enables the identification of both conserved and divergent
neural dynamics, offering insight into the evolutionary underpinnings of
sensory integration, cognitive specialization, and large-scale brain network
architecture. Importantly, emerging evidence suggests that the brain is more
strongly tuned to naturalistic than to artificial stimuli (for review, see ref. 36),
which supports and is consistent with our observation of robust interspecies
convergence in sensory networks using movie-driven fMRI.

To facilitate transparency and reproducibility, we have made all
datasets and analysis scripts used in this study openly available on Zenodo
(see “Data Availability” section). The repository contains the individual-
and sample-level fMRI data for both humans and marmosets, as well as the
full preprocessing and analysis pipelines used in the present work. A detailed
text file is provided to guide users through the structure of the repository and
the steps necessary to reproduce our results. By sharing both the data and the
computational workflow, we aim to enable other researchers to replicate our
analyses, adapt our pipeline to their own data, and extend cross-species
comparisons in future studies.

Limitations

While our current movie-driven fMRI approach offers a rich and ecologi-
cally valid stimulus, it may nevertheless be too complex for precise func-
tional localization. However, more targeted movies could be designed to
emphasize specific features, such as increased frequency of conspecific calls
or varying levels of motion and contrast. It is also possible to focus analyses
on selected segments of the movie to isolate responses to particular stimulus
categories (e.g., faces, bodies, or vocalizations).

Another limitation is that brain regions with closely related functions
—such as those along the marmoset’s occipito-temporal axis—may be
grouped together due to high temporal overlap in their activity patterns. In
cases where finer functional distinctions are required, more targeted
approaches such as functional localizers, electrophysiological recordings, or
the use of more specifically designed movie stimuli may be necessary.

Finally, our functional interpretations were primarily based on the
spatial distribution of components. While this strategy is common in the
literature, it involves a degree of reverse inference. For example, while we
labeled component HM as an executive network, and component HB as a
higher-order visual/attentional network, their respective inclusion and
exclusion of regions such as the frontal eye fields and superior temporal
cortex illustrate how different plausible interpretations can arise depending
on the spatial emphasis. Analyses linking component timecourses to sti-
mulus features would provide stronger evidence for functional roles™”>.

Methods

Common marmosets

All procedures followed Canadian Council on Animal Care guidelines and
were approved by the University of Western Ontario Animal Care Com-
mittee, and we have complied with all relevant ethical regulations for animal
use. Eight healthy adult common marmosets (4 females; age: 28-45 months,
mean: 39.8 months) participated in the study. Each animal underwent
surgery toimplanta PEEK head post”, following the protocol detailed in our
recent methods article™. Briefly, under gas anesthesia (0.5-3% isoflurane),
the skull was exposed, prepared with adhesive resin (All-Bond Universal,
Bisco), and affixed with a resin composite (Core-Flo DC Lite, Bisco). Vital
signs were continuously monitored throughout surgery. After 2 weeks of
recovery, animals were acclimated to the head-fixation system over 3 weeks
in a mock MRI environment.

Human participants

Nineteen healthy, self-reported right-handed participants (11 females; age:
25-45 years, mean: 32.7 years), with normal or corrected-to-normal vision
and no neurological or psychiatric history, were recruited. Fourteen had
previous fMRI experience. Demographic information including sex, age,
prior experience with MRI scanning, and languages spoken are available in
the Zenodo repository (https://doi.org/10.5281/zenodo.12746414). All

participants provided written informed consent, and the study was approved
by the University of Western Ontario Human Research Ethics Board. All
ethical regulations relevant to human research participants were followed.

Stimuli

Marmosets and humans viewed a 33-min naturalistic movie composed of
alternating baseline periods (5:50 min total) and excerpts from two nature
documentaries: Monkey Kingdom (Disneynature, Spanish narration) and
Hidden Kingdoms - Urban Jungles (BBC, English narration). The movie
contained a wide variety of visual (e.g., marmosets, humans, animals, citys-
capes, landscapes) and auditory stimuli (e.g., speech, vocalizations, music,
environmental sounds), including dynamic social and ecological content.
These features were selected to ensure engagement of multiple sensory
modalities and higher-order networks in both humans and marmosets, while
maintaining relevance and interest across species. Moreover, the doc-
umentaries were selected based on their frequent inclusion of scenes depicting
marmoset or macaque monkeys, able to trigger the engagement of our
marmoset participants. Baseline periods displayed a fixation target (black
circle, 0.36° visual angle) on a gray screen without audio. The structure of the
naturalistic movie is represented in detail in Supplementary Fig. 1.

Experimental setup

Marmosets. During scanning, awake animals were seated in a custom
3D-printed sphinx-style chair with head fixation using the headpost®"*.
Visual stimuli were rear-projected onto a screen 119 cm from the eyes
using a Sony VLP-FE40 LCSD projector reflected off a front-surface
mirror and were presented using PowerPoint, synchronized with the
MRI TTL pulse via a Raspberry Pi (model 3B+) running custom Python
software. Auditory stimuli were delivered via Sensimetrics S14 tubes,
secured with earplugs and veterinary bandage. An MRI-compatible
camera (MRC Systems) monitored the animals, though eye tracking was
unreliable due to partially closed eyelids. A drop of marshmallow-
flavored liquid reward was delivered every 4.5 s via a tube to maintain
alertness. Each marmoset watched the same 33-min naturalistic movie
across five separate sessions. To minimize possible reductions in atten-
tion caused by repeated exposure, sessions were spaced at least 2 weeks
apart. The vigilance state of the animals was monitored throughout using
the MRI-compatible camera, ensuring that the eyes remained open
during stimulus presentation.

Humans

Participants lay supine in the scanner and viewed the stimulus through a
mirror mounted on the head coil. Visual stimuli, projected using an Avotech
SV-6011 projection system, were presented using PowerPoint, synchro-
nized with the MRI TTL pulse via a Raspberry Pi (model 3B+) running
custom Python software. Audio was delivered through Sensimetrics T14
tubes, with participants confirming acceptable volume prior to scanning.
Each subject viewed the movie once.

MRI data acquisition

Marmosets. Imaging was performed at 9.4T (31-cm bore Varian magnet
interfaced to a Bruker Avance NEO console) with a custom 15-cm gradient
coil and eight-channel receive coil inside a quadrature birdcage transmit coil.
Functional images were acquired in five sessions per animal using gradient-
echo EPI (TR=15s, TE=15ms, flip angle=40°, FOV =64 x 48 mm,
matrix = 96 x 128, resolution =0.5mm isotropic, 42 axial slices, band-
width =400 kHz, GRAPPA = 2). Additional EPI runs with reversed phase
encoding were collected for distortion correction. A T2-weighted structural
scan was acquired in one session (TR=7s, TE=52ms, FOV =512
x51.2 mm, bandwidth 50 kHz, resolution = 0.133 x 0.133 x 0.5 mm).

Humans

Data were acquired at 7 T (Siemens Magnetom MRI Plus) with a 32-channel
receive and 8-channel parallel transmit coil. Functional images were
acquired using multi-band EPI (TR=1.5s, TE =20 ms, flip angle = 30°,
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Fig. 8 | Experimental design and stimulus structure. Subjects viewed a 33-min
movie composed of alternating baseline and movie blocks. Baseline periods (totaling
5:50 min) consisted of a fixation point on a gray background with no audio. Movie
segments included clips from two nature documentaries, featuring a variety of
species and environments. The film contained naturalistic visual and auditory sti-
muli, including conspecific and heterospecific vocalizations, human speech, music,
and environmental sounds. At the top, the 7 Tesla and 9.4 Tesla scanners used for
fMRI sessions in humans (n = 19) and common marmosets (n = 8, with 5 functional

runs per marmoset) are shown. On the left and right sides of the figure is represented
the statistical approach used for both marmosets (left) and human (right). After
preprocessing, individual fMRI maps were analyzed using tICA, extracting 20
independent components per species. The timecourses of non-noise components
(n =12 for marmosets and #n = 14 for humans) were then correlated within and
across species, generating correlation matrices (example shown at the bottom).
Additionally, these functional components were clustered using hierarchical clus-
tering to further explore functional network relationships in both species.

(1.5 mm FWHM). Nuisance regression included motion parameters.
Temporal filtering (0.01-0.08 Hz) was applied using 3dBandpass.
Functional data were registered to individual anatomy (FLIRT), then to
the NITH marmoset template® using ANTs*.

Human data

Preprocessing was done with SPM12 (Wellcome Center for Human Neu-
roimaging, London, UK) and AFNI. After conversion with decm2niix,
images were realigned, slice-time corrected, field map-corrected, coregis-
tered to structural MP2RAGE, normalized to MNI space, and smoothed
(6 mm FWHM). Temporal filtering (0.01-0.08 Hz) matched the marmoset
pipeline.

Statistics and reproducibility

We applied tICA using MELODIC" with a 20-component cutoff for each
species, using the entire 33-min movie. This method decomposes data into
spatially and temporally independent components, enabling identification
of stimulus-driven functional networks without relying on predefined
templates. For the marmosets, the data from the five sessions were averaged
within each animal prior to performing tICA. Twelve components in
marmosets and fourteen in humans were classified as non-noise based on
spatial and spectral criteria.

We computed within- and between-species correlation matrices of
component timecourses (following conventional benchmarks, we classified
correlations as weak (r < 0.2), moderate (0.2 < ¥ <0.5), or strong (r > 0.5)).
To assess the statistical significance of cross-species temporal correlations,
we implemented a non-parametric permutation test. For each pair of
human-marmoset components, we kept the human timecourses fixed and
applied random circular shifts to the marmoset timecourses (N =1000
permutations), recomputing the correlations at each iteration. This proce-
dure generated a null distribution of correlations for each component pair,
against which the observed correlation was compared to obtain a p value.
Resulting p values were corrected for multiple comparisons across the
matrix using false discovery rate (FDR) adjustment (Benjamini-Hochberg).
Then, we performed hierarchical clustering (squared Euclidean distance,
Ward’s method) in R* using the cluster”’, dendextend”, and ggdendro™
packages. These analyses allowed us to explore the organization of func-
tional networks and to investigate interspecies relationships. This approach
is displayed in Fig. 8.

To assess spatial coverage, non-noise components were converted to
z-statistic images by MELODIC and thresholded using the component-
specific values automatically estimated by the mixture-model fit. These
thresholds emphasize voxels most strongly associated with each component,
and should be understood as a heuristic for separating structured signal from
background noise rather than as a formal voxelwise statistical test. Then,
thresholded maps were binarized and averaged to generate probability maps.
These were compared with tSNR maps to evaluate recruitment consistency
and signal quality. Specifically, for both cortical and subcortical regions, mean
tSNR values were extracted using binary masks from the corresponding
atlases. Paired t-tests were then performed to compare cortical and sub-
cortical signal quality, to determine whether differences in tSNR could con-
found the detection of subcortical networks in either species.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The individual maps for the human and marmoset samples are fully
available online on Zenodo: https://doi.org/10.5281/zenodo.12746414”.

Code availability
The code underpinning this study is fully available online on Zenodo:
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