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Innate cortical gradients constrain cross-modal plasticity
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Innate cortical organisation and postnatal sensory experience interact dynamically to shape the
functional architecture of the human brain. Using naturalistic stimulation, functional gradient anal-
yses, and comparative approaches in congenitally blind, congenitally deaf, and typically developed
individuals, we investigate how intrinsic hierarchical structures and sensory experiences influence cor-
tical organisation. Our findings demonstrate that the principal functional gradients spanning from
unimodal sensory to transmodal association cortices are consistently preserved across all groups,
suggesting a robust genetically determined cortical scaffold. Nonetheless, congenital sensory de-
privation selectively reshapes the geometry of modality-specific gradients, characterised by reduced
functional differentiation within sensory-deprived cortical regions. These geometric contractions
promote experience-driven plastic reorganization, enabling deprived sensory areas to establish en-
hanced functional connectivity with transmodal and non-deprived sensory cortices. Critically, this
reorganisation aligns systematically with pre-existing cortical gradients, highlighting intrinsic hier-
archical constraints that guide experience-dependent plasticity. Moreover, sensory-deprived regions
exhibiting heightened connectivity actively engage in processing structured perceptual information
from intact modalities, reflecting specific feature-driven cross-modal adaptations. Collectively, these
results underscore a fundamental duality in cortical organisation: innate hierarchical principles
impose constraints on cortical architecture, while sensory experience drives adaptive refinement,
demonstrating the brain’s intrinsic capacity for flexible functional reconfiguration in response to
sensory deprivation.

Understanding how sensory experience shapes brain
development and functional organisation is central to
neuroscience, bridging two long-standing theoretical per-
spectives. One view emphasises genetically encoded con-
straints as primary determinants of brain architecture
[1, 2], while the other underscores the importance of
experience-dependent plasticity in refining and adapting
neural systems throughout development [3–5]. Although
intrinsic structural and functional features of cortical or-
ganisation are evolutionary conserved across individuals
and species, implying foundational principles of cortical
architecture [6, 7], sensory experience significantly shapes
the maturation and specialisation of neural circuits, par-
ticularly within modality-specific systems [8–10]. This
dynamic interplay between genetic predispositions and
sensory experience becomes particularly evident in cases
of early sensory deprivation, where substantial cortical
reorganisation and connectivity provides unique insights
into how experience modulates the development of large-
scale neural networks [10–13].
Traditionally, investigation into brain organisation has

∗ These authors contributed equally
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primarily relied on discrete regional analyses and pair-
wise interactions under physiological or pathological con-
ditions. However, recent advances underscore the impor-
tance of conceptualising the brain as a complex, econom-
ically optimised system operating across multiple spa-
tial and temporal scales [14–18]. A significant limitation
of region-based approaches lies in their inability to cap-
ture the flexible, context-dependent engagement of both
primary sensory and higher-order transmodal cortices
[19, 20]. In contrast, models describing cortical organisa-
tion along continuous gradients — from unimodal sensory
regions to transmodal integrative areas — have garnered
substantial empirical support, reflecting the brain’s in-
herent structural and functional heterogeneity [21–24].

Yet, the notion of cortical “hierarchy” itself encom-
passes diverse interpretations, including serial informa-
tion flow, topological embedding, specialisation gradi-
ents, and developmental trajectories[25]. Converging ev-
idence indicates that low-dimensional functional gradi-
ents, particularly a principal one extending from primary
sensory/motor to higher-order transmodal cortices, effec-
tively capture this multifaceted hierarchical architecture
[26–35]. Notably, this principal gradient aligns with core
developmental, evolutionary, and functional brain prop-
erties, such as prolonged postnatal maturation and pro-
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Figure 1. Experimental Paradigm and Data Analysis Pipeline. A, Participants viewed six runs of a naturalistic movie
(101 Dalmatians) presented in three sensory formats: audiovisual, visual-only, and audio-only. The design included three groups
of typically developed participants (N=10 per condition) and two groups of congenitally sensory-deprived individuals: blind
(N=9) and deaf (N=8). B, Functional connectivity (FC) was computed from BOLD signals recorded via fMRI during movie
viewing. FC matrices were estimated for each group and condition to examine pairwise regional interactions. C, Diffusion
embedding was applied to the FC matrices to derive low-dimensional cortical gradients. These gradients were used to assess the
global functional architecture and determine how congenital sensory deprivation affects its spatial geometry and hierarchical
organization.

gressive cortical specialization, supporting the emergence
of higher-order cognition [27, 36].

While extensive research has characterised features of
the principal gradient, how secondary gradients emerge
and their modulation by sensory experience remain un-
clear. Empirical studies in congenitally blind or deaf
individuals suggest that large-scale functional architec-
tures can develop even without modality-specific sensory
inputs (e.g. Ricciardi et al. [37, 38], Setti et al. [39], Let-
tieri et al. [40]), pointing to intrinsic scaffolds anchored
in cortical geometry and structural connectivity [41, 42].
Nevertheless, how experience-dependent mechanisms re-
fine or reorganise these gradients, especially under sen-
sory deprivation, remains unresolved [43].
To address this question, we analysed data from con-

genitally blind, congenitally deaf, and neurotypically de-
veloped participants presented with naturalistic stimuli
(movie-watching of 101 Dalmatians [39]). Ecologically
rich paradigms, such as full movies, engage the full spec-
trum of sensory modalities and cognitive functions, in-
cluding social cognition, narrative comprehension, and
higher-order reasoning, thereby providing enhanced eco-
logical validity compared to resting-state or simplified
tasks [44, 45]. Indeed, recent evidence indicates that
naturalistic viewing is uniquely suited to capturing the
functional granularity of cortical gradients, as it evokes
context-specific neural states and brain dynamics[44].
This unique dataset enabled us to address two critical
questions: (i) can cortical gradients emerge in the ab-
sence of modality-specific sensory input? and, (ii) How
does sensory deprivation impact the spatial structure and
functional specificity of these gradients?
We find that –while the fundamental hierarchical scaf-

fold remains preserved regardless of sensory experience–

deprivation leads to reduced specificity within the af-
fected modality and fosters compensatory connectiv-
ity re-routing involving preserved unimodal and trans-
modal regions. Collectively, these results highlight
a dynamic interplay between innate cortical architec-
ture and experience-dependent plasticity, suggesting that
functional gradients are neither entirely hardwired, nor
wholly experience-driven.

RESULTS

Gradient topography during processing of
naturalistic auditory, visual and audiovisual
processing in typically developed individuals

To characterise the macroscale functional architecture
of the cortex under naturalistic stimulation, we computed
pairwise functional connectivity (FC) matrices from re-
gional BOLD time series, separately for each experi-
mental group and condition. We then applied diffusion
map embedding [46, 47] - a non-linear dimensionality re-
duction technique akin to principal component analysis
(PCA;[16, 26, 48]) – to the group-level FC matrices to
extract cortical gradients (Figure 1). We focused on the
first three gradients, as they represent the primary hier-
archical dimensions of functional organisation, spanning
from unimodal sensory areas to transmodal association
networks [26, 49].
Qualitative inspection of the extracted gradients re-

vealed both shared structures and condition-specific to-
pographies across experimental groups (Figure 2, see
also Figure S1,S2). Gradients derived from unimodal
and multimodal naturalistic stimulation both reflect the
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Figure 2. Topographical maps of functional gradients across groups and conditions. A, Surface representations of
the first three cortical gradients are shown for typically developed participants under three naturalistic stimulation conditions:
audio-only, visual-only, and audiovisual. Gradient 1 (G1) captures the principal unimodal-to-transmodal axis, while Gradient
2 (G2) and Gradient 3 (G3) are anchored in visual and auditory cortices, respectively. B, Corresponding gradient maps are
shown for congenitally blind and congenitally deaf individuals, collapsed across sensory conditions. In both sensory-deprived
groups, G1 remains consistent with the canonical cortical hierarchy, while G2 and G3 exhibit altered spatial differentiation,
reflecting the absence of modality-specific experience..

canonical macroscale organisation of cortical hierarchy,
and capture condition-dependent functional architec-
tures. Consistent with prior findings [44], the embedding
spaces under naturalistic stimulation showed enhanced
differentiation along modality-specific axes, particularly
within the visual and auditory systems (Figure 2A).
The first gradient (G1) consistently reflects the canon-
ical sensorimotor-to-transmodal cortical hierarchy across
all conditions, mirroring intrinsic organisational princi-
ples also observed at rest [44]. However, in contrast to
generalised embedding reported during rest, naturalistic
stimulation elicited modality-specific refinements. Dur-
ing audiovisual and visual conditions, the second (G2)
and third (G3) gradients were anchored in visual and au-
ditory cortices, respectively, indicating the emergence of
modality-specific granularity atop the preserved canon-
ical structure. These findings suggest that naturalistic
stimulation evokes distinct, context-sensitive cortical ge-
ometries, where dominant sensory modalities sculpt the
expression of secondary gradients. Altogether, these re-
sults demonstrate that while the major organisational
axes of the cortex are conserved across conditions, their
relative prominence and spatial specificity are modulated

by the sensory context. This indicates that functional
gradients are dynamically shaped by naturalistic input.

Sensory deprivation preserves gradient topography
but reshapes functional cortical geometries

Building on our findings in neurotypically developed
individuals, we next investigated how congenital sensory
deprivation affects the expression and geometry of cor-
tical gradients under naturalistic stimulation. If cortical
gradients are intrinsically hardwired, they should be pre-
served regardless of sensory input. Alternatively, if post-
natal experience is a constitutive prerequisite for shap-
ing cortical organisation, we would expect marked dif-
ferences in gradient structure under sensory deprivation.
Our results reveal that the global hierarchical organi-
sation of cortical gradients is largely preserved in both
congenitally blind and deaf individuals. Specifically, the
first three gradients consistently map onto a unimodal-
to-transmodal axis (G1), a visually anchored axis (G2),
and an auditory anchored axis (G3), respectively (Fig-
ure 2B). This preservation indicates that the macroscale
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Figure 3. Functional geometry reconfiguration under sensory deprivation. A, Two-dimensional scatter plots illustrate
the spatial embedding of cortical regions along the visual-anchored (G2) and auditory-anchored (G3) gradients in typically
developed (audiovisual condition), congenitally blind, and congenitally deaf participants. The top panel schematically highlights
the observed contraction patterns: visual gradient compression in blind individuals (horizontal arrow) and auditory gradient
compression in deaf individuals (vertical arrow). B, Boxplots show gradient range values for the three groups along the first
three functional gradients. No significant differences are observed for the unimodal-to-transmodal gradient (G1). In contrast,
significant reductions in the visual gradient range (G2) are found in blind participants and in the auditory gradient range (G3)
in deaf participants, compared to the typically developed group under audiovisual stimulation. Statistical comparisons are
based on two-tailed t-tests with FDR BH correction (n.s. = not significant; ** p < 0.01; *** p < 0.001; **** p < 0.0001).
Gradient maps below each plot depict the corresponding spatial topography.

scaffold of cortical functional geometry is established in-
dependently of modality-specific sensory experience.

However, we observed significant differences in the ge-
ometric properties of this low-dimensional embedding
space (Figure 3A). To do this, we leverage the range of
a gradient, a simple, yet robust geometric measures, pre-

viously shown to be effective in capturing architectural
changes across experimental conditions and species [50–
53]. In particular, this metric reflects the spread and
differentiation of connectivity profiles across cortical re-
gions along one gradient. In this way, gradient range
serves as a proxy for the degree of functional heterogene-
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ity: greater ranges indicate more distinct, specialised
regions, while reduced ranges signal functional homog-
enization. The unimodal-to-transmodal gradient range
(G1) was preserved across groups compared to the audio-
visual (AV) condition, suggesting that the principal gra-
dient remains robust to sensory deprivation (two-tailed
T-tests, blind vs. AV: T = -1.93, p = 0.07, FDR BH-
corrected, Hedges’ g = -0.83; deaf vs. AV: T = 0.27, p =
0.79, FDR BH-corrected, Hedges’ g = -0.14; Figure 3B).
In contrast, sensory deprivation led to significant contrac-
tions in the modality-specific gradients. In blind individ-
uals, the range along the visual gradient (G2) was signif-
icantly reduced relative to both audiovisual and auditory
conditions (blind vs. AV: T = –4.17, p < 0.001, FDR BH-
corrected, Hedges’ g = –1.78; blind vs. A: T = –2.57, p
= 0.02, FDR BH-corrected, Hedges’ g = –1.06; AV vs.
A: T = 0.86, p = 0.39, FDR BH-corrected, Hedges’ g =
0.38). Similarly, a significant reduction in the range of
the auditory gradient (G3) was observed exclusively in
the deaf group, relative to the typically developed par-
ticipants exposed to the video-only condition (deaf vs.
AV: T = –5.6, p < 0.001, FDR BH-corrected, Hedges’
g = –2.31; deaf vs. V: T = –3.02, p = 0.01, FDR BH-
corrected, Hedges’ g = –1.19; AV vs. V: T = 0.71, p =
0.48, FDR BH-corrected, Hedges’ g = 0.23). Altogether,
these findings suggest that, while not mandatory for the
emergence of macroscale gradient architecture, sensory
experience plays a critical role in refining the functional
differentiation of modality-specific systems. While the hi-
erarchical organization of cortical gradients is preserved
in congenital sensory deprivation, unimodal naturalistic
stimulation reveals selective reductions in functional het-
erogeneity along the gradient corresponding to the de-
prived modality. This observation points to reduced dif-
ferentiation in sensory-deprived areas, potentially render-
ing them more responsive to postnatal, experience-driven
reorganization.

Functional Reorganization Driven by Sensory
Gradients

To further explore the basis of gradient alterations un-
der sensory deprivation, we analysed whole-brain func-
tional connectivity patterns to assess how cortical inter-
actions are reorganised. Treating functional connectiv-
ity (FC) matrices as undirected networks, we used the
Network-Based Statistic (NBS; [54]) to identify signifi-
cant differences in edge strength between groups (F=9,
p < 0.05). For the blind group, FC matrices were com-
pared to those of sighted individuals exposed to audiovi-
sual and auditory-only movies. For the deaf group, com-
parisons were made against sighted participants exposed
to audiovisual and visual-only conditions. This compar-
ison scheme enabled us to isolate changes uniquely as-
sociated with congenital sensory deprivation rather than
transient differences in unimodal stimulation. A compos-
ite null hypothesis test was applied to isolate differences

shared across conditions (Figure 4A)[55]. Results showed
that reorganisation in both groups primarily involved en-
hanced connectivity between unimodal and transmodal
areas, rather than diffuse connectivity changes. (i.e.,
greater Pearson correlation between their BOLD time-
courses) (see Figure 4A). These effects were consistently
more prominent in blind individuals (1% of statistically
significant connections altered) than in deaf individuals
(0.001% altered).

This approach revealed that congenitally blind indi-
viduals exhibit increased connectivity between deprived
extrastriate visual areas (e.g., MT+ complex and dorsal
stream cortices) and the dorsolateral and inferior frontal
cortices (frontoparietal and DMN regions), alongside de-
crease in intra-visual network connectivity. Congenitally
deaf participants showed increased functional coupling
between extrastriate visual areas (including the MT+
complex and neighbouring regions) and auditory asso-
ciation cortices (e.g., the superior temporal sulcus and
higher-order auditory areas A4 and A5), alongside de-
creased connectivity within extrastriate visual areas (me-
dial and lateral temporal cortices) and from these regions
to medial frontal areas and to subcortical structures (see
Supplementary Figure S3 for a version of Figure 4A with
the macro-anatomical regions defined by Glasser et al.

[7]).

Recent work indicates that intrinsic activity and
connectivity mature along a hierarchical sensorimo-
tor–association axis, with unimodal and transmodal re-
gions developing along distinct trajectories. In turn,
this suggests that such an intrinsic hierarchy may shape
processes of experience-dependent functional reorgani-
zation [56, 57]. Following this hypothesis and having
first shown that individuals with congenital blindness
and deafness exhibit a contraction of the gradients cor-
responding to the deprived sensory modality, we now in-
vestigate whether the observed experience-dependent re-
organization in functional connectivity is somehow ‘con-
strained’ and unfolds along the intrinsic sensory gradients
themselves.

We correlated statistical maps of FC differences with
the corresponding sensory gradients computed in the typ-
ically developed audiovisual group. Thus, checking the
correlation between the average involvement of brain ar-
eas in the interactions elicited by the sensory depriva-
tion and their position along the corresponding sensory
gradient (i.e., the second one for the blind population,
the third one for the deaf population) computed on the
typically developed audio-video population (Figure 4B).
Strikingly, for both blind and deaf individuals, signifi-
cant positive correlations were observed between the spa-
tial pattern of reorganisation and the corresponding sen-
sory gradient, even after correction for spatial autocor-
relation (blind - visual gradient; Spearman rho = 0.42,
p < 0.001, pnull < 0.001; deaf - auditory gradient; Spear-
man rho = 0.36, p < 0.001, pnull = 0.003). This sug-
gests that compensatory connectivity changes in con-
genitally deprived unimodal cortices unfold along pre-
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Figure 4. Functional reconfiguration follows intrinsic cortical hierarchies. A, Group-level differences in whole-brain
functional connectivity between congenitally blind or deaf individuals and matched typically developed controls were identified
using the Network-Based Statistic (NBS; F ≥ 9, p < 0.05). Chord diagrams illustrate significantly increased (blue) and
decreased (red) connections in each sensory-deprived group. Cortical nodes are grouped by canonical functional networks
[58]: VIS = visual, SOM = somatomotor, D.ATT = dorsal attention, V.ATT = ventral attention, LIM = limbic, FRONT =
frontoparietal, DMN = default mode, SUB = subcortical. B, Mean regional F scores from the NBS analysis were correlated
with the spatial layout of the visual-anchored gradient (G2) in the blind group and the auditory-anchored gradient (G3) in
the deaf group. Significant positive correlations were observed in both groups, even after correcting for spatial autocorrelation
using null distributions derived from 10,000 spatially-constrained surrogate maps (p < 0.001 and p = 0.003, respectively; right
panel)(Markello and Misic [59], Burt et al. [60]; see Methods). This analysis demonstrates that functional reorganization in
sensory deprivation unfolds along pre-existing cortical gradients.

existing functional gradients. Of note, this observation
favors that intrinsic functional architecture preserves not
only large-scale portions of cortical organization, but also
‘chaperons’ experience-dependent reorganization. To un-
derstand the functional relevance of these reorganised
networks, we next examined how BOLD activity in re-
gions showing increased FC relates to perceptual content.

We correlated BOLD time courses with annotated fea-
tures of the movie stimulus, ranging from low-level visual
(e.g., static Gabor-like filters and motion energy from
spatiotemporal integration) and auditory features (e.g.,
spectral profiles and amplitude envelopes), to mid-level
speech-related attributes (e.g., word and letter counts, di-
alogue presence) and higher-level semantic content (e.g.,
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categories of natural vs. artificial elements in auditory
and visual streams, and word embeddings derived from
subtitles)(Figure 5A)[39]. We then tested for group dif-
ferences in these correlations to determine whether re-
organised regions process distinct content. Results re-
vealed significant group differences in correlations be-
tween distinct movie features and activity within regions
previously identified as exhibiting increased functional
connectivity. Specifically, congenitally deaf participants
showed stronger correlations between auditory associa-
tion cortices and visual movie features compared to the
AV control group (deaf vs. AV, two-tailed T-tests, FDR
BH-corrected; Left A5, T=5.246, p = 0.028, Hedges’ g =
2.370; Right A5, T=5.153, p = 0.033, Hedges’ g = 2.328),
while blind individuals showed stronger correlations be-
tween deprived visual areas and mid-level speech features
compared to AV controls (blind vs. AV, two-tailed T-
tests, FDR BH-corrected; Left MT, T=4.937, p = 0.043,
Hedges’ g = 2.167; Left V4t, T=4.918, p = 0.045, Hedges’
g = 2.158; Right V4, T=5.206, p = 0.02, Hedges’ g
= 2.285; Right LO2, T=5.003, p = 0.038, Hedges’ g
= 2.195; Right V4t, T=6.615, p = 0.001, Hedges’ g
= 2.903; Right FST, T=6.615, p = 0.009, Hedges’ g
= 2.496)(see Figure 5B and Supplementary Figure S4).
Thus, we confirm that auditory and speech-related fea-
tures are redirected to deprived visual cortices in blind
individuals, while visual features are rerouted to deprived
auditory cortices in deaf individuals, reflecting struc-
tured, modality-specific cross-modal reorganization. Al-
together, these findings demonstrate that functional re-
organization after congenital sensory deprivation adheres
to intrinsic cortical hierarchies and supports structured
cross-modal processing. Deprived sensory areas do not
become functionally dormant; rather, they are recruited
for computationally relevant roles through experience-
dependent reconfiguration constrained by the brain’s in-
herent architecture.

Robustness and Sensitivity

To assess robustness to the choice of free parame-
ters—specifically the sparsity and diffusion parameters
used to compute the functional gradients—the main anal-
ysis was replicated across α values of 0.3, 0.7, and 0.9
(see Supplementary Figures S5,S6,S7) and sparsity lev-
els of 70% and 80% (see Supplementary Figures S8,S9).
We further evaluated the sensitivity of the NBS findings
to a stricter F-threshold (F = 12)(see Supplementary
Figure S10), confirming the stability of our results. The
analysis was then repeated using an alternative parcella-
tion, namely the 400-region functional atlas of Schaefer
et al. [61], which yielded coherent results preserving the
number of relevant interactions (see Supplementary Fig-
ure S11). Finally, the stability of the feature-correlation
analysis was assessed by replacing word counts with a
binary indicator of dialogue presence in each TR (see
Supplementary Figure S12).

DISCUSSION

How do sensory experience and innate organisational
principles jointly shape the macroscale functional archi-
tecture of the cortex? Here, leveraging naturalistic stim-
ulation and functional gradient analyses, we compare
three distinct sensory conditions—audiovisual, visual-
only, and auditory-only— in congenitally blind, congen-
itally deaf, and neurotypically developed individuals to
examine whether sensory deprivation affects hierarchies
and functional gradients.
We demonstrate that congenital sensory deprivation

does not disrupt the overall hierarchical organization of
cortical functional gradients. However, sensory-deprived
cortices exhibit reduced functional differentiation, in par-
ticular along the gradient dimension associated with
the deprived modality. This reduced differentiation ap-
pears to facilitate postnatal, experience-dependent mod-
elling of deprived cortical areas. Notably, such reor-
ganization unfolds along the intrinsic sensory gradients
themselves, with perceptual information from spared
unimodal or transmodal regions being systematically
rerouted to sensory-deprived areas. Altogether, these
results underscore that the development of cortical ar-
chitecture emerges from a dynamic interplay between in-
trinsic, genetically driven organizational frameworks and
extrinsic, experience-dependent shaping forces.
Brain macroscale functional organization appears both

to be anchored by innate hierarchies that constrain plas-
ticity, yet sufficiently flexible to accommodate profound
changes in sensory experience from the earliest stages of
development. Extending recent observations by Samara
et al. [44], our data indicate that during naturalistic
processing, the primary gradient retains its canonical
resting-state configuration, spanning from unimodal sen-
sory to transmodal regions, independent of sensory expe-
rience.
This robust preservation aligns with evolutionary and

developmental evidence that suggest an intrinsic organ-
isational scaffold underpinning large-scale functional ar-
chitecture [27]. Indeed, prior studies support the no-
tion that the principal gradient may reflect fundamental
organising principles anchored by intrinsic factors, such
as gene expression patterns and cortical microstructure,
transcending specific sensory modalities [12, 39, 40, 62–
66].
In contrast, we observed selective alterations in the

geometric properties (i.e., contractions in the gradient
range) of the secondary gradients corresponding to de-
prived sensory modalities. Gradient range has previously
been established as a sensitive biomarker of functional
heterogeneity across the cortical surface, with broader
ranges denoting greater differentiation, and narrower
ranges reflecting more homogeneous functional architec-
tures [50–53].
In the context of congenital deprivation, reduced range

in visual or auditory gradients likely reflects a disrup-
tion of this maturational refinement process, whereby
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Figure 5. Feature-specific recruitment of deprived sensory cortices. A, Schematic of the analytical pipeline: BOLD
time series from each cortical region were correlated with time courses of annotated stimulus features, including low-level visual
(e.g., Gabor filters, motion energy), low- and mid-level auditory features (e.g., spectrogram, envelope), and speech-related
semantic features. Correlation maps were generated per subject and compared across groups B, Surface renderings and inflated
ROI maps show results from region-wise two-tailed t-tests contrasting sensory-deprived and typically developed individuals.
Left: Deaf participants exhibit significantly stronger correlations between visual stimulus features and auditory association
cortices (blue, p < 0.05 FDR BH-corrected). Right: Blind participants show significantly stronger correlations between speech-
related features and visual cortices, including MT+ and dorsal stream regions (red, p < 0.05 FDR BH-corrected). Insets
highlight significant clusters and annotated ROIs.

modality-specific input is typically required to sculpt the
fine-grained functional topography of unimodal areas.
Importantly, this reduction is not global but modality-
specific, selectively affecting the gradient dimension an-
chored in the deprived sensory cortex. The modality-
specific nature of this gradient contraction highlights
their sensitivity as indicators of experience-driven differ-
entiation.

Our findings support a dual-mechanism model wherein
intrinsic, genetically guided structural constraints es-

tablish a stable global hierarchical scaffold, while sen-
sory experience fine-tunes local cortical specialisation
[16, 25, 43, 52]. This dual influence of structural an-
choring and sensory-driven refinement closely aligns with
recent theoretical models suggesting that functional spe-
cialization is not solely dictated by sensory input, but
also by the computational goals of each cortical area, its
embeddedness in pre-existing anatomical and functional
networks and experience-dependent adaptation [10, 37–
39, 67, 68].



9

Our gradient-based findings are complemented by
finer-grained connectivity analyses revealing modality-
specific reorganization patterns. Previous evidence
showed modified functional connectivity between de-
prived unimodal cortices and non-deprived unimodal or
transmodal areas during sensory processing (e.g., Amaral
et al. [62], Anurova et al. [69], Bauer et al. [70], Amaral
et al. [71]). Consistently, in congenitally blind individu-
als, we observe increased connectivity between extrastri-
ate and key hubs of the frontoparietal and default mode
networks.

This increased visual-to-frontal integration occurs
alongside a reduction in intra-network connectivity
within the visual system itself, suggesting a reorganiza-
tion of functional resources toward higher-order trans-
modal regions. Additionally, the emergent connectivity
between the deprived visual cortex and the default mode
network in blind individuals mirrors the functional re-
organization observed in sensorimotor cortex after limb
loss, suggesting that, in the absence of primary input,
cortical regions may be reallocated to internally driven
functions through integration with transmodal networks
[72].

A complementary pattern emerges in congenitally deaf
individuals, who exhibited strengthened connectivity be-
tween the visual network and auditory association cor-
tices, notably the superior temporal sulcus and high-level
auditory regions. Therefore, our findings confirm that
deprived unimodal cortices develop reorganized, struc-
tured interactions with functionally and topographically
distant regions. By testing the relationship between the
spatial distribution of functional changes and the under-
lying sensory hierarchy, we also showed that this func-
tional reorganization follows the pre-existing sensory hi-
erarchies of the brain. In other words, deprived cortical
regions tend to establish new connections with areas that
already lie along specific functional gradients, reflecting
the typical sensory organization.

This implies that the brain’s intrinsic architecture not
only remains intact in the absence of sensory input, but
also actively ‘chaperons’ plastic reorganization along in-
herent large-scale structure. Consequently, the altered
connectivity patterns in blind and deaf people provide
compelling support for the idea that functional reor-
ganization unfolds along meaningful computational and
anatomical trajectories, and highlight how intrinsic ge-
ometry and long-range pathways enable the deprived
sensory cortex not only to remain functionally relevant
but to contribute adaptively to non-canonical informa-
tion processing through experience-dependent reconfigu-
ration.

Importantly, these reorganized interactions appear to
reflect specific patterns of feature-oriented integration of
perceptual information on low/mid-level features. Our
data also reveal a distinctive pattern of functional re-
cruitment that differs fundamentally between blindness
and deafness, pointing to important differences in the
reorganizational potential of the occipital and temporal

cortices. The occipital cortex’s extensive intrinsic and ex-
trinsic connections, early maturation, and central hierar-
chical positioning confer exceptional versatility and com-
putational flexibility, facilitating significant functional
repurposing in blind individuals [12, 38, 73, 74]. In
contrast, the auditory cortex demonstrates relatively
constrained reorganizational potential, relying primarily
on strengthening pre-existing heteromodal connections
modulated by top-down influences from transmodal re-
gions [75].

In the light of our results, we propose that in-
trinsic architectural functional geometry governs spa-
tially extended cross-modal plasticity, thus providing
a unified model explaining both stability and flexibil-
ity in sensory-deprived brains. Explicitly testing the
evolution of chronic readjustment, longitudinal stud-
ies across different developmental stages (including late-
onset sensory deprivation) will be invaluable to deter-
mine whether functional changes occur within a critical
period or persist beyond it. Recent evidence from con-
genitally sensory-deprived individuals shows that mean-
ingful, content-specific representations can emerge inde-
pendently of a postnatal experience, pointing to an orga-
nizational blueprint or proto-architecture that predates
and scaffolds experience-dependent specialization (e.g.,
Ricciardi and Pietrini [12], Ricciardi et al. [38], Setti et al.
[39], Arcaro and Livingstone [67]). Notably, supramodal
processing — where cortical regions encode conceptual
content regardless of sensory modality — has been exten-
sively demonstrated and supports the idea of modality-
independent representational formats across sensorimo-
tor experiences and higher cognitive functioning [12, 38].

Moreover, this perspective aligns with evidence that
even primary sensory areas, traditionally viewed as uni-
modal, are embedded in a richly interconnected architec-
ture that supports early multisensory integration. Uni-
modal cortices may exhibit the capacity to integrate
cross-modal input that becomes functionally dominant
when the canonical sensory input is absent, as often seen
in sensory deprivation [76, 77]. In addition, our data
could also be integrated into the framework arguing that
the brain’s functional architecture is structured to en-
code and respond to features of sensory experience that
transcend any single modality.

In this view, the dialogue across modalities, rather
than a mere compensatory adaptation, reflects an intrin-
sic, supramodal infrastructure that allows the brain to
flexibly route, compare, and integrate inputs from differ-
ent sensory systems to detect and respond to environ-
mentally relevant changes (e.g., Novembre and Iannetti
[78]).

In summary, our study highlights that the macroscale
functional architecture of the cortex emerges from a dy-
namic interplay between genetically guided intrinsic con-
straints and extrinsic sensory experience. Functional gra-
dients provide a valuable framework to understand this
dual influence, illustrating how innate structural scaffolds
impose consistent organisational principles while remain-
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ing sufficiently plastic to accommodate adaptive changes.
Our findings demonstrate that even under conditions of
extreme sensory input loss, cortical reorganisation re-
mains anchored within existing hierarchical structures,
underscoring the presence of a stable cortical blueprint.
Brain macroscale functional organisation appears both
to be anchored by innate hierarchies that constrain plas-
ticity, yet sufficiently flexible to accommodate profound
changes in sensory experience from the earliest stages of
development.

MATERIALS AND METHODS

Ethical statement

We took advantage of a previously acquired dataset,
and full details are provided in the original publication
[39]. Each volunteer was instructed about the nature
of the research and gave written informed consent for
participation, in accordance with the guidelines of the
institutional board of the Turin University, Brain Imag-
ing Centre. The study was approved by the Ethical
Committee of the University of Turin (protocol number
195874, May 29th 2019) and conforms to the Declaration
of Helsinki. Data used in this analysis were drawn from
the study by Setti et al. [39], meaning the participant
sample, stimulation, data acquisition and preprocessing
is identical to the one described in the original work, as
outlined in the following paragraphs.

Participants

Fifty participants took part in the study. As already
documented in Setti et al. [39], thirty normally-developed
(TD) individuals and twenty sensory-deprived (SD) sub-
jects (born without visual or auditory experience) were
enrolled. The TD group was split into three equal sam-
ples, each exposed to one version of the same feature film:
(1) full audiovisual (AV), N = 10 (age 35 ± 13yr; 8 fe-
males), (2) auditory only (A), N = 10 (age 39 ± 17yr;
7 females), (3) visual only (V), N = 10 (age 37 ± 15yr;
5 females). The SD cohort comprised congenitally blind
participants (N = 11, mean age 46±14yr; 3 females) who
viewed the A version, and congenitally deaf participants
(N = 9, mean age 24 ± 4yr; 5 females) who viewed the
V version. Two blind subjects were excluded from the
fMRI analyses due to excessive head motion (final SD
sample: N = 9, mean age 44± 14yr; 3 females). All par-
ticipants were right-handed according to the Edinburgh
Handedness Inventory, native Italian speakers, and had
no history of neurological or psychiatric disorders. The
deaf group was proficient in Italian Sign Language and
did not use hearing aids; the TD group reported nor-
mal or corrected-to-normal vision, intact hearing, and no
knowledge of sign language. Further details for the SD

participants are provided in Supplementary Materials of
Setti et al. [39].

Naturalistic stimulus

Following Setti et al. [39], naturalistic stimulation was
provided via three versions—visual (V), auditory (A) and
audiovisual (AV)—of the live-action film 101 Dalmatians

(Herek, Great Oaks Entertainment &Walt Disney, 1996).
To facilitate compliance during unimodal presentation,
a linear-plot narrative was selected. The original film
was edited to fit a single scanning session by omitting
non-essential scenes and splicing remaining footage to
maintain narrative continuity. The final cut spans ap-
proximately 54 minutes and is divided into six runs of
∼8 minutes each, each preceded and followed by a 6 s
fade-in and fade-out.

For the A condition, an Italian audio description was
professionally recorded and overlaid on the film’s origi-
nal soundtrack to convey omitted visual content. The
script was adapted to bridge edited gaps and to describe
essential visual elements not captured by dialogue or mu-
sic. Recording was performed in a noise-isolated studio
using a Neumann U87 ai microphone, Universal Audio
LA 610 mk2 preamplifier, Apogee Rosetta converter, and
Logic Pro 10.4. The voice track was then mixed with the
original audio, and fade effects were applied to smooth
transitions between runs; music and narration were sub-
sequently remixed for level balance.

The complete soundscape (dialogue, narration, envi-
ronmental sounds) was transcribed into style- and color-
coded subtitles to distinguish speaking voices and aid
comprehension. Line breaks were adjusted (one- or two-
line formats) to avoid interference with reading or vi-
sual processing. Video editing was carried out in iMovie
(v10.1.10), and subtitles were authored using Aegisub
(v3.2.2, http://www.aegisub.org/). In the V and AV
conditions, a small red fixation cross was superimposed
at screen center, with subtitles displayed at the bottom.

fMRI experimental design

Prior to scanning, all participants rated their familiar-
ity with the film’s plot on a 5-point Likert scale (1 = not
at all, 5 = very well). During fMRI acquisition, each ex-
perimental subgroup viewed one of the edited versions of
the film (V, A or AV) and were instructed simply to en-
joy the presentation. Structural and functional MRI data
were collected in a single session. Upon completion of
imaging, engagement and compliance were evaluated us-
ing a custom two-alternative forced-choice questionnaire
probing key narrative elements.

http://www.aegisub.org/
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Stimulation setup

Audio and visual stimuli were presented via MR-
compatible LCD goggles and headphones (VisualStim
Resonance Technology; video resolution 800×600 at
60Hz; visual field 30°×22°; 5” display; audio attenua-
tion 30dB; frequency response 40Hz–40kHz). Both de-
vices were supplied to all participants regardless of ex-
perimental condition. Stimulus delivery was managed us-
ing Presentation 16.5 (Neurobehavioral Systems; http:
//www.neurobs.com).

fMRI data acquisition and preprocessing

Functional MRI data were acquired on a Philips 3T
Ingenia scanner equipped with a 32-channel head coil.
Gradient-echo EPI sequences were used with the follow-
ing parameters: TR = 2000 ms; TE = 30 ms; FA =
75°; FOV = 240 mm; matrix = 80×80; slice thickness
= 3 mm; voxel size = 3×3×3 mm; 38 axial slices ac-
quired in ascending order; 1614 volumes were collected
across the six movie runs, with an additional 256 vol-
umes for the scrambled control run. High-resolution
T1-weighted anatomical images were obtained using
an MPRAGE sequence (TR=7ms; TE=3.2ms; FA=9°;
FOV=224mm; matrix=224×224; slice thickness=1mm;
voxel size=1×1×1mm; 156 sagittal slices). Data acquisi-
tion and analysis were conducted with full knowledge of
experimental conditions.
Preprocessing followed standard AFNI (v17.1.12)

workflows. First, spike artifacts were removed (3dDe-
spike), and all volumes within each run were slice-
time corrected (3dTshift) and realigned to the first
volume of the first run (3dvolreg). Spatial smooth-
ing was applied using a 6mm FWHM Gaussian kernel
(3dBlurToFWHM), followed by percent signal normaliza-
tion. Each run was detrended using a Savitzky–Golay fil-
ter (polynomial order=3, frame length=200 timepoints)
in MATLAB R2019b to remove low-frequency drifts and
outliers. The runs were then concatenated, and nuisance
regressors—including motion parameters and spike re-
gressors for framewise displacements > 0.3mm—were re-
moved via multiple regression (3dDeconvolve). Band-
pass temporal filtering was implemented retaining fre-
quencies between 0.008 and 0.08 Hz. Finally, individual
participant time series were nonlinearly warped to MNI-
192 standard space using 3dQWarp.

Movie annotations

In the previous work by Setti et al. [39], the au-
thors derived a set of movie-related features by means
of computational modeling. Among these, low-level fea-
tures were characterized both for the auditory and visual
streams, thus capturing spectral (frequency) and sound

envelope properties on one hand and static Gabor-like fil-
ters (GIST) and motion energy information on the other.
Additionally, high-level features were defined based on
manually tagged natural and artificial categories as well
as word embeddings from subtitles. For the latter, two
alternative embeddings were developed: one from indi-
vidual sentences, utilizing the pretrained English-based
GPT-3 model to fully capture semantic compositional-
ity, and one using single-word embeddings generated with
the Word2Vec algorithm trained on an Italian corpus.
This produced two high-level semantic models, one com-
bining categorical data with GPT-3 embeddings and the
other with Word2Vec embeddings. Features related to
the film’s editing were also annotated (such as scene tran-
sitions, cuts, dialogues, music, and audio descriptions).
To remove shared variance across models, each stimulus
model was orthogonalized with respect to movie editing
descriptors. The editing features (e.g., cuts, transitions,
dialogues, and music) were shown to influence both low-
level descriptors (e.g., shifts in visual and auditory prop-
erties at scene transitions) and high-level semantic de-
scriptors (e.g., spoken and written dialogues), potentially
masking the finer computational features and inflating
the explained variance. The methodological approach
and results are detailed in Supplementary Information
of the original work. Based on the movie script, two
new speech-specific annotations were created. The script
was segmented according to the repetition time (TR) of
the functional images, with each time window annotated
to indicate the binary presence or absence of dialogue.
Additionally, a letter count within each segment was in-
cluded to model the presence of human speech at a low
level of complexity.

Brain Parcellations

Cortical segmentation was performed using the 360-
region multimodal parcellation of Glasser et al. [7], which
provides functional and anatomical cortical mapping.
Exclusively for analyses not concerning cortical gradients
(i.e., Fig.4A and Fig.5), the dataset was complemented
by 32 subcortical ROIs from the work of Tian et al. [79].
Within each ROI, denoised BOLD-signal time series were
averaged across all voxels to yield a single representative
time course. These ROI-wise time courses were then ex-
tracted for subsequent analyses. One participant in the
deaf cohort was excluded because the R TGv region lay
almost entirely outside the acquired volume.

Analytical Pipeline

Functional gradients from diffusion map embedding

Cortical functional gradients were calculated us-
ing the BrainSpace toolbox (https://github.com/MICA-
MNI/BrainSpace) in Python, applying default settings

http://www.neurobs.com
http://www.neurobs.com
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for kernel sparsity estimation (0.9), similarity kernel
(cosine similarity), and anisotropic diffusion parameter
(α=0.5). We calculated the functional connectivity ma-
trix (FC) computing for each ROI s of the HCP Atlas [7]
the Pearson correlation with all the other cortical areas.
The obtained matrix was then row-wise z-transformed
and thresholded to obtain a 10% density, thus retain-
ing only the strongest interactions and removing possi-
ble spurious effects. Given the resultant matrix, a nor-
malized cosine angle affinity matrix is computed, indi-
cating the similarity in connectivity patterns for each
pair of ROIs. Finally, the obtained affinity matrix is
embedded in a low-dimensional space by means of diffu-
sion map embedding. This approach has the advantage,
compared to other approaches like PCA, of being non-
linear and thus it allows to account for more complex
patterns. The algorithm is governed by parameters α

and t, where α determines the influence of the density of
sampling points on the manifold (α = 0 indicates maxi-
mal influence, while α = 1 indicates none) and it adjusts
the scale of eigenvalues in the diffusion operator. Follow-
ing previous recommendations, we set α to 0.5 and t to 0
to maintain global relationships between data points in
the embedded space. Setting t = 0 allows the diffusion
time to be automatically estimated via a damped regu-
larization process. Then, Procrustes rotation was used
to align the obtained gradients to the average gradient
of the typically-developed subjects exposed to the audio-
visual stimulation. This procedure corrects for potential
ambiguities in eigenvector ordering (such as sign flipping
or changes in explained variance), ensuring that gradi-
ents computed separately for each individual are directly
comparable and therefore improving the stability of the
results. In order to assess whether the heterogeneity ex-
pressed along each gradient was altered we computed the
numerical range of each of the first three gradient as the
difference between the minimum and maximum eigenvec-
tor values. This metric reflects the degree of segregation,
or in other words the distinct connectivity profiles, be-
tween the gradient extremes.

Network Based Statistic

To determine the statistically significant difference in
FC between distinct groups we employed a network-
based statistical approach. This nonparametric statis-
tical method controls family-wise error rates in net-
work data by accounting for multiple comparisons. It
first identifies connected components within the graph,
based on edges that are significantly above the statisti-
cal threshold (F-contrast; here, an F-value threshold of
9, two-sided, with an alpha level of 0.05). The statistical
significance of each connected component is then assessed
by comparing its topology to a null distribution derived
from nonparametric permutation testing of component
sizes. By testing on a component-by-component basis,
this approach achieves greater statistical power compared

to mass-univariate methods. Our aim was to identify
consistent changes across multiple comparisons exclud-
ing effects related to the temporary absence of a sensory
modality. Following the approach by Luppi et al. [55], we
employed a composite null hypothesis significance test,
where the null hypothesis assumes that at least one of
the datasets has no effect. Rejecting the null hypothesis
requires that all comparisons show non-zero effects. This
test compares an observed test statistic to a null distri-
bution, with the test statistic defined as the minimum of
the three F-scores from the relevant comparisons (e.g.,
audio video vs. blind, blind vs. audio, but not audio
video vs. audio). To construct the null distribution, we
performed 500 iterations of selective label reshuffling. In
each iteration, we randomly permuted the labels of a sin-
gle comparison and recalculated the F-scores. By altering
only one comparison at a time—rather than permuting
all labels simultaneously—this procedure evaluates the
observed data against the “least altered” configuration
compatible with the null hypothesis. This method repre-
sents a least favorable configuration test, ensuring control
over the false positive rate below a threshold of 0.05.

Brain correlation with film annotations

To establish how each ROI correlates with the audio,
video, semantic, and speech movie features for each ROI
in the cortical atlas, the Pearson correlation was com-
puted between the corresponding BOLD signal and the
features timeseries. When more than one feature was
present for a given category, the maximum observed cor-
relation was considered. With respect to the speech time
series, to account for possible dependencies with the low-
level auditory features, analyses were performed using
partial Pearson correlation, regressing out the effects at-
tributable to the low level sound properties, and thus
retaining the correlation between the residuals and the
BOLD signal. The statistical significance was FDR cor-
rected for all tests performed.

Statistical reporting

The correlation between functional gradients was eval-
uated using Spearman’s rank-based, non-parametric cor-
relation coefficient to ensure robustness against out-
liers. To mitigate potential biases from spatial auto-
correlation, we computed corrected p-values using an
autocorrelation-preserving null model [60]. We simulated
surrogate brain maps with spatial autocorrelation that
matched the one of the original brain maps of interest
that is functional gradients and movie parcellation. Us-
ing the geodetic distance matrix from the atlas as input,
we generated 10,000 surrogate maps that preserve spatial
autocorrelation. We then computed Spearman’s rank-
based correlation for each of the obtained maps. The
nonparametric p-values were computed considering the



13

number of the correlation with surrogate maps that ex-
ceeded the observed correlation with the original data.
For group comparisons, two-sample t-tests with Welch’s
correction [80] were applied to account for unequal vari-
ances. Correction for multiple comparisons was carried
out using the Benjamini-Hochberg False Discovery Rate
correction [81], with significance set at an alpha level of
0.05. Effect sizes were reported using Hedges’s g [82],
a standardized measure that provides a less biased esti-
mate of mean difference and that is especially useful for
small sample sizes.
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Figure S1. Diffusion gradient space. A, Three-dimensional representation of the first three gradients in typically developed
individuals under audio-only, visual-only, and audiovisual stimulation. Each point represents a region from the multimodal
HCP atlas [7], colored according to its primary functional network. B, Two-dimensional representation of the second and third
gradients for the same conditions. Each point corresponds to a multimodal HCP atlas [7] region, with colors indicating the
associated functional network.
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Figure S2. Regional functional displacement. A, Mean Euclidean distance in the three-dimensional diffusion embedding
space (based on the first three gradients) for each region of the multimodal HCP atlas [7], comparing typically developed
individuals under audiovisual stimulation with congenitally blind individuals. B, Same analysis as in A, comparing typically
developed individuals with congenitally deaf individuals.

Figure S3. Group-level differences in whole-brain functional connectivity. A, Group differences in functional connec-
tivity between congenitally blind or deaf individuals and matched typically developed controls identified using Network-Based
Statistics (NBS; F ≥ 9, p < 0.05). Chord diagrams show significantly increased (blue) and decreased (red) connections for
each sensory-deprived group. As in Figure 4, results are shown here according to the macro-anatomical subdivisions of the
Glasser atlas. Congenitally blind individuals exhibited increased connectivity between deprived extrastriate visual areas (e.g.,
MT+ complex and dorsal stream cortices) and frontal regions (dorsolateral and inferior frontal cortex, spanning frontoparietal
and DMN networks), alongside decreased intra-visual connectivity. Congenitally deaf individuals showed increased connectivity
between visual areas (including MT+ and adjacent regions) and auditory association cortices (e.g., STS, A4, and A5), alongside
decreased connectivity mainly between the temporal pole and both the MT+ complex and auditory associa- tion cortices.
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Figure S4. Regional responses during film-watching across sensory-deprived groups. A, Inflated cortical surface
maps colored according to the functional parcellation defined by Rajimehr et al. [83], used to subdivide the cortex into parcels
with consistent functional profiles during film viewing. B, C, To further characterize group differences observed during the
film-watching task, we considered the mean composite F-statistic (as Figure 4) for each cortical region defined by Rajimehr
et al. [83]. Functional terms are sorted by their observed mean F-statistic. Colored labels highlight regions where observed
values exceed the 95th percentile of a null distribution generated from 10,000 spatial-autocorrelation-preserving surrogate maps
[60], indicating statistically significant group effects. Grey points fall within the null distribution. Error bars represent the 95%
confidence interval of the null distribution for each parcel.
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Figure S5. Topographical maps and functional geometry under sensory deprivation (diffusion parameter α =
0.3). A, Surface maps of the first three cortical gradients in typically developed individuals under audio-only, visual-only, and
audiovisual stimulation. Gradient 1 (G1) reflects the principal unimodal-to-transmodal axis, while G2 and G3 are anchored in
visual and auditory cortices, respectively. Corresponding gradients in congenitally blind and deaf individuals, averaged across
conditions. G1 remains consistent, whereas G2 and G3 show altered spatial structure, reflecting the lack of modality-specific
input. B, Two-dimensional gradient embeddings illustrate compression along G2 in blind (horizontal arrow) and along G3
in deaf individuals (vertical arrow), relative to the audiovisual condition in controls. C, Boxplots show gradient range across
groups. G1 does not differ significantly. Blind individuals show reduced G2 range; deaf individuals show reduced G3 range.
Statistical tests are two-tailed t-tests (n.s. = not significant; ** p < 0.01; ***p < 0.001). Gradient topographies are shown
below each plot.
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Figure S6. Topographical maps and functional geometry under sensory deprivation (diffusion parameter α =
0.7).A, Surface maps of the first three cortical gradients in typically developed individuals under audio-only, visual-only, and
audiovisual stimulation. Gradient 1 (G1) reflects the principal unimodal-to-transmodal axis, while G2 and G3 are anchored in
visual and auditory cortices, respectively. Corresponding gradients in congenitally blind and deaf individuals, averaged across
conditions. G1 remains consistent, whereas G2 and G3 show altered spatial structure, reflecting the lack of modality-specific
input. B, Two-dimensional gradient embeddings illustrate compression along G2 in blind (horizontal arrow) and along G3
in deaf individuals (vertical arrow), relative to the audiovisual condition in controls. C, Boxplots show gradient range across
groups. G1 does not differ significantly. Blind individuals show reduced G2 range; deaf individuals show reduced G3 range.
Statistical tests are two-tailed t-tests (n.s. = not significant; ** p < 0.01; ***p < 0.001; ****p < 0.0001). Gradient topographies
are shown below each plot.
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Figure S7. Topographical maps and functional geometry under sensory deprivation (diffusion parameter α =
0.9).A, Surface maps of the first three cortical gradients in typically developed individuals under audio-only, visual-only, and
audiovisual stimulation. Gradient 1 (G1) reflects the principal unimodal-to-transmodal axis, while G2 and G3 are anchored in
visual and auditory cortices, respectively. Corresponding gradients in congenitally blind and deaf individuals, averaged across
conditions. G1 remains consistent, whereas G2 and G3 show altered spatial structure, reflecting the lack of modality-specific
input. B, Two-dimensional gradient embeddings illustrate compression along G2 in blind (horizontal arrow) and along G3
in deaf individuals (vertical arrow), relative to the audiovisual condition in controls. C, Boxplots show gradient range across
groups. G1 does not differ significantly. Blind individuals show reduced G2 range; deaf individuals show reduced G3 range.
Statistical tests are two-tailed t-tests (n.s. = not significant; ** p < 0.01; ***p < 0.001; ****p < 0.0001). Gradient topographies
are shown below each plot.
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Figure S8. Topographical maps and functional geometry under sensory deprivation (sparsity δ = 70%).A, Surface
maps of the first three cortical gradients in typically developed individuals under audio-only, visual-only, and audiovisual
stimulation. Gradient 1 (G1) reflects the principal unimodal-to-transmodal axis, while G2 and G3 are anchored in visual and
auditory cortices, respectively. Corresponding gradients in congenitally blind and deaf individuals, averaged across conditions.
G1 remains consistent, whereas G2 and G3 show altered spatial structure, reflecting the lack of modality-specific input. B, Two-
dimensional gradient embeddings illustrate compression along G2 in blind (horizontal arrow) and along G3 in deaf individuals
(vertical arrow), relative to the audiovisual condition in controls. C, Boxplots show gradient range across groups. G1 does
not differ significantly. Blind individuals show reduced G2 range; deaf individuals show reduced G3 range. Statistical tests are
two-tailed t-tests (n.s. = not significant; *p < 0.05; ** p < 0.01). Gradient topographies are shown below each plot.
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Figure S9. Topographical maps and functional geometry under sensory deprivation (sparsity δ = 80%).A, Surface
maps of the first three cortical gradients in typically developed individuals under audio-only, visual-only, and audiovisual
stimulation. Gradient 1 (G1) reflects the principal unimodal-to-transmodal axis, while G2 and G3 are anchored in visual and
auditory cortices, respectively. Corresponding gradients in congenitally blind and deaf individuals, averaged across conditions.
G1 remains consistent, whereas G2 and G3 show altered spatial structure, reflecting the lack of modality-specific input. B, Two-
dimensional gradient embeddings illustrate compression along G2 in blind (horizontal arrow) and along G3 in deaf individuals
(vertical arrow), relative to the audiovisual condition in controls. C, Boxplots show gradient range across groups. G1 does
not differ significantly. Blind individuals show reduced G2 range; deaf individuals show reduced G3 range. Statistical tests are
two-tailed t-tests (n.s. = not significant; *p < 0.05; ** p < 0.01; *** p < 0.001). Gradient topographies are shown below each
plot.
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Figure S10. Group-level differences in whole-brain functional connectivity (F>12). A, Group differences in functional
connectivity between congenitally blind or deaf individuals and matched typically developed controls, identified using Network-
Based Statistics with a more stringent threshold (NBS; F ≥ 12, p < 0.05). Chord diagrams display significantly increased (blue)
and decreased (red) connections in each sensory-deprived group. Cortical nodes are grouped according to canonical functional
networks [58]: VIS = visual, SOM = somatomotor, D.ATT = dorsal attention, V.ATT = ventral attention, LIM = limbic,
FRONT = frontoparietal, DMN = default mode, SUB = subcortical. B, The same results are shown using macro-anatomical
subdivisions from the Glasser atlas. Congenitally blind individuals exhibit increased connectivity between deprived extrastriate
visual areas (e.g., MT+ complex and dorsal stream cortices) and frontal regions (dorsolateral and inferior frontal cortex,
spanning frontoparietal and DMN networks), along with decreased intra-visual connectivity. Congenitally deaf individuals
show increased connectivity between visual areas (including MT+ and adjacent regions) and auditory association cortices, ,
alongside decreased connectivity between the temporal pole and auditory associa- tion cortices.
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Figure S11. Topographical maps and functional geometry under sensory deprivation (alternative parcellation
Schaefer400).A, Surface maps of the first three cortical gradients in typically developed individuals under audio-only, visual-
only, and audiovisual stimulation. Gradient 1 (G1) reflects the principal unimodal-to-transmodal axis, while G2 and G3 are
anchored in visual and auditory cortices, respectively. Corresponding gradients in congenitally blind and deaf individuals,
averaged across conditions. G1 remains consistent, whereas G2 and G3 show altered spatial structure, reflecting the lack of
modality-specific input. B, Two-dimensional gradient embeddings illustrate compression along G2 in blind (horizontal arrow)
and along G3 in deaf individuals (vertical arrow), relative to the audiovisual condition in controls. C, Boxplots show gradient
range across groups. G1 does not differ significantly. Blind individuals show reduced G2 range; deaf individuals show reduced
G3 range. Statistical tests are two-tailed t-tests (n.s. = not significant; *p < 0.05; ** p < 0.01). Gradient topographies are
shown below each plot.
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Figure S12. Feature-specific recruitment of deprived sensory cortices. A, BOLD time series from each cortical
region were correlated with binary time courses of the presence or absence of dialogue. Correlation maps were generated per
subject and compared across groups. Surface renderings and inflated ROI maps show results from region-wise two-tailed t-tests
contrasting sensory-deprived and typically developed individuals. Blind participants show significantly stronger correlations
between speech- related features and visual cortices (red, p < 0.05 FDR BH-corrected).
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