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eLife Assessment

This important cross-species study tests whether the corpus callosum contains parallel,
segregated pathways for ipsilateral and contralateral visual-field information, rather than
mixed inputs from the two hemispheres. A major strength is its use of a combination of
high-field functional magnetic resonance inaging and Bayesian population receptive field
(pRF) modelling in humans with viral tracing in mice to offer complementary evidence for
pathway segregation. At present, the evidence supporting the authors' claims is
incomplete and would benefit from ruling out potential confounds that could mimic tract
segregation in the human white-matter pRF data and the mouse anatomical tracing
results, and from sharpening claims about laminar specificity.

https://doi.org/10.7554/eLife.110399.1.sa3

Abstract

How the brain maintains distinct information streams within dense white matter is a fundamental
question. We investigated whether the visual corpus callosum transmits information via
segregated “parallel wires” or mixed pathways. This distinction is critical: a mixed architecture
would render the signal’s origin ambiguous, whereas a segregated arrangement implies that
spatial position tracks the direction of information flow. Using high-field fMRI and Bayesian
modeling in humans, we demonstrate a segregated architecture featuring distinct contralateral
and ipsilateral channels. This functional segregation mirrors a precise anatomical arrangement in
mice, where dual-color viral tracing and light-sheet microscopy reveal that callosal axons remain
spatially segregated in distinct laminae after crossing the midline. Our findings establish a
conserved “parallel wires” principle of callosal organization, providing a new framework to
decode directional information flow and assess pathway-specific damage in neurological disease.
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1. Introduction
1,2

The corpus callosum (CC), a structure highly conserved within mammalian brains .’~, integrates
information between the two hemispheres of the brain 34 Within the visual system, the CC tracts
fuse inputs from the contralateral visual cortices = into a single, coherent perception %.. Our study
focuses on the forceps major (FMA), the largest component of the visual callosum £, where a
question remains: is visual information transmitted via segregated parallel streams or mixed?

Adjudicating between these models is critical because it addresses a fundamental limitation of
functional Magnetic Resonance Imaging (fMRI). An fMRI signal detected within a white matter
bundle is directionally ambiguous, as its hemisphere of origin is unknown. A ‘mixed’ architecture,
where axons from both hemispheres intermingle, would make this origin impossible to resolve.
Conversely, a segregated ‘parallel wires’ architecture—where tracts from each hemisphere occupy
distinct spatial territories—would mean that the signal’s spatial location directly reveals its origin.
Confirming a segregated parallel architecture would therefore represent a fundamental leap,
moving beyond mapping static links (who is connected’) ="..... to decoding dynamic information
flow Cwho is talking to whom’). This principle is analogous to laminar fMRI, which leverages

spatial segregation across cortical layers to differentiate processing streams 121

A fundamental principle of neural wiring is that axons maintain the topographic information of
their source regions: visual callosal connections, for instance, exhibit a visuotopic organization
mirroring their cortical origins 1%, Historically, testing this principle within white matter has
been challenging. However, recent advances have demonstrated that reliable fMRI signals can be
detected in white matter ./~2! and visuotopic organization is preserved within these tracts 222-.
This allows the “segregated versus mixed” question to be reframed as a directly testable
hypothesis: a ‘segregated’ architecture predicts voxels with singular visuotopic representation,
whereas a ‘mixed’ architecture predicts voxels with multiple visuotopic representations.
To directly test this hypothesis, we employ a multi-modal, cross-species investigation. In humans,
25

to map the functional topology, and use diffusion tractography 222/ to delineate its anatomical

substrate. For mesoscale validation, we employ dual-color neuronal viral tracing and whole brain
light-sheet microscopic imaging 2&2? in mice to reveal the underlying circuit architecture. This
multi-modal approach allows us to construct the comprehensive functional blueprint of the

primary interhemispheric visual pathway.

2. Results

Bayesian pRF Modeling Reveals Distinct Receptive Field Topologies
in FMA

To directly test the ‘parallel wires’ versus ‘mixed pathway’ hypotheses, we characterized the visual
field representations within the forceps major (FMA). We utilized the minimally preprocessed 7T
retinotopy fMRI dataset from 178 participants of the Human Connectome Project (HCP) 2% The
functional data was non-linearly normalized to the standard template, and averaged to create a
single group-averaged fMRI dataset for subsequent analysis. We applied the Bayesian pRF
modeling 22to frame the question into a model comparison: a segregated architecture would
manifest as voxels best explained by a single pRF, whereas an integrated architecture would
prefer models with multiple pRFs. The Bayesian model comparison decisively favored a
segregated architecture. The single pRF model, which posits that callosal voxels carry information
from one visual hemifield, was overwhelmingly dominant (expected probability = 0.92).
Conversely, models assuming integration (dual or triple pRFs) received minimal support (Fig.

The spatial distribution of these models was highly structured. Voxels best explained by the single
PRF model were distributed throughout the core of the FMA fiber bundle. In contrast, a small
cluster of voxels, particularly those near the interface of the gray and white matter at the occipital
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Figure 1. Mapping of The Visual Fields on FMA Voxels Based on Single, Dual, and Triple Receptive Field
Models.

(A) The mapping of the visual fields was performed based on single, dual, and triple pRF models, with expected probabilities
or voxel counts of 6231 (blue) for single, 439 (red) for dual, and 77 (yellow) for triple pRF models. (B) Spatial distribution
patterns show that voxels best explained by the single pRF model (blue) populate the core of the FMA fiber bundle, whereas
the sparse population of integrative dual pRF voxels (red) clusters near the occipital gray-white matter interface. (C, D)
Representative voxels for the single (blue) and dual (red) models. The left panels indicate the pRF center (dot) and size (circle)
in degrees of visual angle (dva). The right panels display the time series fitting, where the model predictions (red solid lines)
robustly capture the observed BOLD signal variance (black dashed lines), confirming the high fidelity of the functional data.
EV: explained variance.
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fidelity of our functional data.

Parallel Contralateral-Ipsilateral Organization of the FMA

Polar angle mapping reveals that the FMA is dominated by contralateral representations, which
account for 68.65% of voxels. The remaining 31.35% form a distinct ipsilateral stream running
parallel to the main tract. This parallel contralateral-ipsilateral organization has not been reported
previously, and therefore, this study establishes a new paradigm for understanding how visual
information is represented or processed by the corpus callosum or the FMA. Our newly discovered
parallel architecture in FMA received strong support from analysis of the functional gradient,
where parallel spatial segregation, similar to that observed in pRF mapping (in polar angle maps),
was evident (Fig. 2B@). Further analysis to confirm the dominance of the contralateral
organization in the parallel architecture was performed, where the gradient cortical projection
indeed demonstrated the presence and dominance of contralateral representations on the visual

cortex (Supplementary Fig. S13).

Further characterization of these streams revealed a clear retinotopic profile. Eccentricity maps
(Fig. 2AZ, eccentricity columns) showed a preferential representation for the foveal and para-
foveal v1sual flelds (Supplementary E_l_g____§__2___l§ ________ 5). As expected PREF size (_I_:__l_g____gﬁ____l‘___;__ size columns)

latency: 8.81 s vs. 5.00 s), consistent with white matter physiology ~>7". The robustness of these
findings was affirmed by split-half reliability tests, which revealed high consistency of pRF
parameter estimates (polar angle ICC=0.4538; Supplementary Fig. S3(2).

22,30

To ensure these findings were not merely an artifact from group-averaging, we repeated our
analysis on four randomly selected subjects. Although the results from the four subjects were
noisier than those derived from the whole dataset, they still confirmed the presence of
contralateral-ipsilateral organization (Supplementary Fig. S4(%, particularly in the coronal view),
with contralateral dominance. Their analysis of tractography on callosal pathways at the dorsal
level also validated these findings, where a similar organization was observed, characterized by a
dominance of single, contralateral-preferring receptive fields alongside distinct ipsilateral
representations (Supplementary Fig. S5(%). These results were consistent with laminar

organization, and together they demonstrate high reproducibility for our findings even at the
individual-subject level.

Contralateral Dominance Persists Within Dual pRF Voxels

For voxels responding to a dual pRF model, structured patterns or representations were observed
on both sides of the brain (Supplementary Fig. S6A ). While these voxels responded to stimuli in
both hemifields, they exhibited a strong contralateral bias, contralateral pRFs explaining
significantly more variance than the ipsilateral pRFs (Supplementary Fig. S6B (% ). Furthermore,
even when dual pRFs shared a contralateral alignment, their receptive fields remained spatially
separate (Supplementary Fig. S6C, D). However, the entire integration process follows a

contralateral-ipsilateral organization, with contralateral processing of visual information
dominating the information flow in the overall architecture of visual field processing.

Fiber Tractography Delineates the Anatomical Substrate of
Functional Streams

To delineate the anatomical substrates of the functionally defined visual field representations

fiber tractography of the FMA, performed using seeds derived from locations that responded to
single and dual pRF models (Fig. 3A-B @), unraveled two parallel fiber bundles traversing the
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Figure 2. Parallel Contralateral-Ipsilateral Organization of the FMA.

(A) Population receptive field (pRF) parameter maps for the winning single pRF model, shown in selected axial (top rows) and
coronal (bottom rows) views. From the center outwards, columns display the FMA mask, polar angle, eccentricity, pRF size,
and explained variance (EV). Polar angle topographies demonstrate a striking parallel organization: dominant contralateral
representations (red/orange for left visual field, cyan/blue for right) are spatially segregated from, yet run alongside, distinct
ipsilateral streams (highlighted in red box). Eccentricity and pRF size maps further characterize these streams, showing a
preferential representation of the visual periphery with large receptive fields. (B) Cross-methodological validation confirms
this angular organization in a representative coronal slice. Functional gradient analysis (bottom) delineates the same parallel
retinotopic structure observed in the Bayesian pRF estimates (top), with consistent segregation of left (red) and right (blue)
visual field representations. All maps are overlaid on the ICBM 152 2009c standard brain template.
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FMA. The two fiber bundles were spatially and anatomically distinct, characterized by a clear
topological separation throughout their tracts (Fig. 3C-D @), supporting a model of functional

segregation mediated by anatomically discrete pathways.

Anatomical and Mesostructural Evidence for Segregated Pathways

To investigate the mesoscopic architecture underlying these functional streams, we employed
dual-color viral tracing and high-resolution light-sheet microscopy in the mouse brain (Fig. 4A ).
Selective labeling of pathways from the left and right primary visual cortex (V1) confirmed robust
contralateral projections (Fig. 4B-C(2), establishing a clear anatomical basis for the contralateral
dominance observed in the human fMRI data. Crucially, this dual-color tracing revealed a precise
spatial organization that mirrors the functional topology observed in humans. At the commissural
midline, axonal populations from the two hemispheres exhibited a transient convergence, forming
offers a compelling structural basis for the sparse population of integrative dual-pRF voxels
identified at the gray-white matter boundary. Distal to this midline crossing, however, the two
fiber populations diverged and resumed a parallel trajectory, resolving into spatially distinct
bundles within the contralateral hemisphere (Fig. 4D, E (3). This robust post-commissural
segregation, which was quantified by significant spatial separation (Dice = 0.26+0.10, Jaccard =
0.15+0.07, meansst.d.), provides the anatomical substrate for the overwhelmingly dominant
population of single-pRF voxels. This segregation of anatomical structures can be seen clearly
structures form a laminar-like arrangement, with axon projections from one hemisphere localized
dorsal to the other (Fig. 4F-G (2, Supplementary Fig. S7A-G(@). Collectively, these mesostructural
findings establish a principle of dominant anatomical segregation punctuated by localized midline
integration, thereby providing a definitive validation for the functional architecture identified

with human fMRI.

3. Discussion

This study establishes that the visual CC is governed by a conserved principle of contralateral-
ipsilateral segregation. Our multi-modal evidence reveals that this tract is not a passive mixer, but
a structured pathway where information flow is strictly organized into parallel streams. In
humans, functional mapping demonstrated that callosal channels are dominated by inputs from a
single hemifield, a finding corroborated by both pRF modeling and functional gradient analysis
conserved nature of this organization at the mesoanatomical level in mice, where dual-color viral
tracing revealed a novel, non-overlapping laminar arrangement of axons from the contralateral
and ipsilateral hemispheres (Fig. 42). These convergent findings reveal that the visual CC
operates as a set of parallel, segregated conduits, where each pathway independently processes
information from one side of the visual field, thereby preserving the spatial origin of the signal
within the white matter.

From Human Function to Mesoscale Anatomy

Alongstanding challenge in neuroscience is bridging the macro- and meso-scales of brain
connectivity, especially when the focus of the study involves integrating human non-invasive
imaging with animal invasive tracing 21, At the macroscale, diffusion MRI tractography is the

primary tool for mapping the human connectome 32. At the mesoscopic scale, researchers have

established viral tracing, considered the anatomical gold standard 3 to provide the ground truth.
This has been dramatically enhanced by technological innovations in high-resolution, whole-brain
imaging 222222 and the creation of comprehensive connectivity atlases 2. The established
approach, therefore, is to use this definitive meso-anatomical data to validate and constrain the
large-scale pathways inferred from human tractography >2=%. However, this structural validation

is inherently limited, as diffusion MRI is blind to the direction and nature of information flow.
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Figure 3. Deterministic fiber tracking demonstrating parallel information flow in the FMA.

(A, B) Tractography seeding strategy based on functional pRF maps. To isolate specific information channels, regions of
interest (ROI, pink) and regions of avoidance (ROA, blue) were defined for the left (A) and right (B) visual field
representations, respectively. (C) Whole-brain reconstructions in MNI space reveal that these functionally distinct streams
correspond to two anatomically separate fiber bundles. (D) Cross-sectional coronal and axial views further demonstrate this
topological organization, where fibers carrying left visual field information (pink) and right visual field information (blue)

maintain a strict parallel, non-overlapping trajectory throughout the fiber bundle.
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Figure 4. Laminar segregation of contralateral axons in the mouse visual corpus callosum.

This figure presents mesoscale anatomical evidence from the mouse brain that validates the principle of segregated
functional pathways observed in human fMRL (A) Pipeline of whole brain viral labeling and imaging: viral labeling, brain
fixation with transcardial perfusion, brain embedding and slicing, tissue clearing, whole-brain imaging and 3D reconstruction.
Scale bar: 1 mm. (B) Three-dimensional reconstruction and visualization of the axonal projections expressing rAAV-hSyn-
EGFP (green) and rAAV-hSyn-tdTomato (red) in the whole brain. A: anterior; P: posterior; D: dorsal; V: ventral. (C) Confined
viral expression in the respective V1 injection sites confirms the specific labeling of these two distinct hemispheric pathways.
Scale bar: 300 pm. (D) The ROI showing axonal projections in the CC, with a volume of 3950 x 1440 x 1970 pm?. Scale bar: 500
pm. (E) Coronal sections reveal a dynamic organizational principle. At the midline of the CC, the axons from both
hemispheres intermingle, producing a transient zone of overlap (yellow). As the bundles project laterally away from the
midline, they resolve into clearly separated red and green populations. Scale bar: 500 um. AP: anterior-posterior. (F, G) High-
magnification views of the regions outlined in (E1-E4) reveal the precise internal organization of the callosal bundles. The
main panels show coronal sections, and the corresponding sagittal sections (F1-F4, G1-G4) taken along the medial-lateral axis
demonstrate a definitive laminar segregation. Axons from one hemisphere (green) are consistently positioned dorsal to
axons from the other (red). Scale bars: 50 ym.
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Our study operates within this validation paradigm but extends it into the functional domain.
Building on foundational work that validated white matter BOLD signals 12123229 we use PRF
modeling to move beyond signal detection and decode the informational content of callosal
pathways. This allows us to reverse the conventional workflow, i.e., we employ viral tracing and
light-sheet microscopy not to confirm a structural pathway, but to uncover the anatomical
substrate behind the functional principle that has been discovered in our first in vivo functional
analysis. The cross-species approach implemented here is deeply grounded in the conserved

developmental and molecular blueprint of the corpus callosum %4142, which shows similarity in

findings establish segregation as a conserved principle, the human visual CC is likely more
complex than the mouse’s. Therefore, future investigations in non-human primates, which bridge
this evolutionary gap, will be essential for a complete understanding of the visual callosal
pathways.

Integrating White Matter with Laminar-Resolved Function

Bridging the gap between microscale circuit models and human cognition remains a central goal
in neuroscience. By leveraging ultra-high-field imaging to resolve activity across cortical depths,
laminar fMRI has emerged as a powerful tool in this endeavor. This technique allows for the in-
vivo testing of canonical circuit models, for instance by dissociating feedforward, input-driven
activity in middle cortical layers from feedback signals in superficial and deep layers 272 Our
discovery of information segregation within white matter provides a critical new dimension to
this framework. The combination of anatomically segregated white matter pathways with
functionally specific cortical laminae presents a powerful synergy for human brain circuit
research. A question emerges, therefore, whether this segregation represents a general organizing
principle that extends to other commissural and intrahemispheric tracts.

This capacity to resolve distinct information channels is of immediate relevance to clinical
neuroscience. A significant innovation of our approach is its ability to delineate directional
structural connectivity. For instance, following a unilateral stroke or traumatic brain injury, it
becomes possible to assess not just if the CC is damaged, but precisely which directional pathways
are compromised—either the pathways projecting from the lesioned hemisphere, or those
projecting to the other, or both 4442, This anatomical specificity is also poised to refine emerging
functional measures like GM-WM connectivity analysis 4648, By providing the structural blueprint
of parallel conduits, our work enables the decomposition of a single tract’s functional signal into
pathway-specific components, a critical step for developing more sensitive biomarkers for
conditions ranging from psychiatric disorders 2% to individual cognitive traits 2. Although this
study leveraged the high signal-to-noise ratio of 7T MRI, the rapid maturation of high-resolution
fMRI sequences on 3T platforms promises to democratize this approach, accelerating its

translation from basic science to widespread clinical application 21

Developmental Origins of Segregated Callosal Architecture

The bundled architecture of the corpus callosum is established during development by a precise

interplay of molecular and mechanical forces 22 During this period, cell adhesion molecules

(CAMs) mediate the homophilic “zippering” of axons into cohesive fascicles 23, Several repulsive
cues confine the bundling processes. These cues include the interaction between Ephrin-A4 on
callosal axons and EphA receptors in the surrounding tissue, which establishes a “permissive
corridor” that prevents axonal migration and steers the entire tract across the midline 2%,
However, while these established mechanisms of fasciculation and guidance account for the
formation of the callosal projection as a whole %22, they do not fully explain the highly organized
internal structure we report. The subsequent refinement processes that establish the precise
laminar segregation of ipsilateral and contralateral axons remain a key area for future

investigation.
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The Observation of Dual pRFs

The observation of dual pRFs is an expected consequence of signal pooling 2% where a single fMRI

voxel averages signals from thousands of axons. In the FMA, this reflects the known convergence
of bilateral visual inputs near the vertical meridian, a phenomenon well-documented at the
cortical boundaries /722, We therefore interpret these dual pRFs as the macroscale signature of
localized zones where contralateral and ipsilateral fibers intermingle. Crucially, the sparse and
localized nature of these integrative voxels, in contrast to the widespread distribution of single
PRFs, reinforces our primary conclusion: the visual callosum operates predominantly as a set of
parallel, segregated information conduits.

4. Summary

In summary, this study establishes a conserved “parallel wires” principle of callosal organization,
resolving a fundamental question regarding the transmission of information across the brain’s
largest white matter tract. By integrating ultra-high-field human fMRI with mesoscale viral tracing
in mice, we demonstrate that the visual corpus callosum avoids signal mixing in favor of a strictly
segregated architecture. In humans, this manifests as parallel functional streams where dominant
contralateral inputs remain spatially distinct from ipsilateral channels; in mice, this is mirrored by
a precise, non-overlapping laminar segregation of axons. These findings fundamentally reframe
our understanding of interhemispheric communication, moving beyond static connectivity to
reveal a dynamic, directionally specific highway where spatial location encodes the origin of
information. This framework provides a novel blueprint for decoding directional information flow
in the living human brain, offering critical precision for future basic and clinical neuroscience
research.

5. Methods
5.1. Subjects

The subjects included 178 young adults from the HCP (109 females, 69 males), aged 22 to 35. All
participants underwent 7T retinal topology fMRI and DTI data. All subjects had normal or
corrected-to-normal visual acuity. Each subject was assigned a six-digit HCP ID.

5.2. HCP Datasets

Complete retinotopy datasets (six fMRI runs) were acquired for a total of 181 subjects (109 females,
72 males), aged 22-35, as part of the Young Adult HCP
(https://www.humanconnectome.org/study/hcp-young-adult/datareleases ). To ensure data
completeness and quality, we excluded 3 individuals with incomplete imaging records required in
this study. The final cohort consisted of 178 participants (109 females, 69 males) with fully
available 7 T retinotopic functional MRI (fMRI) and diffusion MRI (dMRI) data, which were used
for subsequent analyses. The 7T retinotopy dataset includes four packages: (1) Retinotopy Task
fMRI Functional Preprocessed Extended; (2) Structural Preprocessed for 7T, with the same spatial
resolution and space as the fMRI data; (3) Diffusion Preprocessed, with 1.05 mm spatial resolution
diffusion and structural data in native space. Stimuli for the retinotopy dataset comprised colorful
object textures windowed through slowly moving apertures. Apertures and textures were
generated at a resolution of 768 x 768 pixels and were constrained to a circular region with a
diameter of 16.0 dva. The apertures included clockwise or counterclockwise rotating wedges
(RETCW, RETCCW), expanding or contracting rings (RETEXP, RETCON), and moving bars (RETBAR1,
RETBAR?2). For each stimulus type, a 5-minute fMRI scan was conducted, consisting of 300 volumes.
The stimuli were presented in the following order: RETCCW, RETCW, RETEXP, RETCON, RETBAR1,
and RETBAR2.
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5.3. Preprocessing

We utilized the 7T retinotopy dataset from the Human Connectome Project (HCP), for which the
data collection and standard preprocessing pipelines are extensively described elsewhere %81,
The minimally preprocessed data provided for each subject included volumetric fMRI time series
in MNI space (1.6 mm isotropic, TR=1s), high-resolution T1-weighted (T1w) structural images (0.7-
mm isotropic), and diffusion-preprocessed data, including fractional anisotropy (FA) images.

To improve the accuracy of spatial normalization, particularly for T1w’s limited contrast within
the white matter, we implemented a custom registration procedure that leverages both T1w and
FA images. This procedure began by individually intensity-normalizing the T1w and FA images for
each subject to their respective global means. Subsequently, a composite structural image
(T1w+FA) was generated for each subject by summing these two normalized volumes; this process
was repeated for the MNI template’s T1w and FA images to create a corresponding template
composite. Nonlinear registration parameters were then computed by registering the individual’s
T1w+FA composite to the template composite using the Advanced Normalization Tools (ANTSs)
package %2.In the final step, these derived transformation parameters were applied to the subject’s
original 1.6 mm fMRI data to bring them into the 1.0 mm MNI template space with high anatomical
fidelity.

Prior to group averaging, several processing steps were applied to the time series of each
individual subject. For each retinotopy run, the initial 8 volumes were discarded to ensure T1
signal stabilization. The remaining time series of each run was then normalized (e.g., to percent
signal change) and linearly detrended to correct for baseline shifts and signal drift. The cleaned
runs for each subject were then concatenated in their original acquisition order. Finally, a single
group-averaged fMRI dataset was created by averaging these fully preprocessed time series across
all subjects for subsequent analyses.

5.4. Regions of Interest (ROIs)

A mask for the FMA was derived from the standard library provided by XTRACT, a component of
the FMRIB Software Library (FSL). XTRACT offers a comprehensive set of predefined masks for
white matter tractography, facilitating consistent and reproducible tract-based analysis %3. The
library and additional details can be accessed at https:/fsl.fmrib.ox.ac.uk/fsl/fslwiki/XTRACT . The
parietal CC connection mask was derived from Radwan et al. %2, The whole-brain WM mask was
generated using the automated segmentation tools provided by the FMRIB Software Library (FSL)
82. To avoid signal contamination from neighboring GM voxels, the FMA white matter mask was
expanded inwards by 4 voxels. It is worth noting that the probabilistic maps were in MNI152
space. In this study, the T1 structural image in MNI152 space was registered with the asymmetric
T1 image from the ICBM152 2009c template to generate a conversion file. Subsequently, the FMA
fiber probabilistic tracking template from XTRACT was registered to the functional image space to
extract the corresponding fMRI time series.

5.5. A Combined Model of pRF and Hemodynamic Response
Functions (HRFs)

The Bayesian pRF framework allows the specification, estimation, and comparison of receptive
field models, seeking the optimal balance between model accuracy and complexity. As Zeidman et
al. described 22, neural activity at time t is modeled using a multivariate normal probability
density function N. The response was summed over each illuminated pixel on the screen and
scaled by a parameter. Structurally like the classical pRF approach, the Bayesian pRF framework
comprises two components: a neuronal model describing the cortical response to visual
stimulation, and a hemodynamic model accounting for neurovascular coupling and the resulting
BOLD signal. The neural parameters and the elements of the matrix are limited to a specific range

of values through latent variables. These variables are utilized to compute the neuronal response.
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The specific parameter settings and model specification are comprehensively described below. The
Bayesian pRF model employs a series of spatial coordinates p; to represent the set of stimulus
positions U, at time t.

Ut = {pla ,pn}
pi=(r€RYyER)

The difference-of-Gaussians (DoG) model, which incorporates center excitation and surround
suppression, is expressed as the difference between two Gaussian profiles. Here, the neural
response z(t) is modeled as the sum of responses to all stimulus positions under the
difference between two an Gaussian profiles, each weighted by the multivariate normal
probability density function N(p; |y, L): excitatory center with gain 8, center y, and

covariance L., and an inhibitory surround sharing the same center but with gain 4 and
covariance X, Here, p denotes the two-dimensional pRF center and X the covariance matrix
determining receptive field size.

Z(t):/jc ZN(pi“v‘vEc)_rBs ZN(pi“,L,ES)

pi€Us pi€Us

N(pi|lpX)= _l(pi —w)"S (s —u))

1
———exp (
Vv (2m)*E| 2
Latent variables I, and I were introduced to parameterize the pRF center in polar

coordinates (p,0) By applying the normal cumulative distribution function (NCDF), the center
position (yy, py) was rigorously constrained to remain within the circular stimulus region

across all optimization steps.

p=r-NCDF(,,0,1)

6 = 27 - NCDF (1y,0,1)

px = p - cos(8), py = p-sin(0), p = (px, py)
The size of the pRF was parameterized by its standard deviationg, with the range constrained
by the latent variable ly, and subsequently transformed within the model. Here, r and ry
denote the radius of the circular stimulus region and the minimum allowable pRF size,
respectively. The excitatory covariance matrix X, and inhibitory surround X yields the DOG
circular model.
o= (r—rq)-NCDF (1,,0,1) +rg

a2 0
Y. =
=5 A
(02 4 02) 0 ]
0 (02 + 03)

S

B4 and o4 ensure positive center activation and negative surround response, enabling the
model to capture both excitatory and suppressive components of receptive field organization.
Bs = max (B — B4, 0)

(Bes Bayoa) >0
Zeidman et al. fed the predicted neural activity described above into the extended Balloon

model to obtain the predicted BOLD response. In this study, the time series prediction was
obtained by convolving z(t) with a model of the hemodynamic response function (HRF;

h(6)°%°/, which is composed of two gamma functions.
h(t) =

tal—lbﬁle—blt taQ—lb;ZE—bzt
T(a1) T dl(a2)

I' in the above equation denotes the gamma function. The parameters a, b, ¢, d correspond to
the shape and scale parameters of two probability density functions of the gamma
distribution (see spm_Gpdf.m), one corresponding to the main response and the other to the
undershoot. The parameter c determines the ratio of the response to the undershoot. As
described by the spm_hrf function in SPM12, the parameters a, b, ¢, and d are obtained by
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priors with different meanings (see more in spm_hrf.m). Taking into account the variability
of the hemodynamic function across regions and voxels, these parameters are given latent

variables, analogous to the approach of Zeidman et al 22, thus adapting them to the
optimization algorithm in the tool. These parameters also describe the properties of white
matter HRFs.

5.6. Bayesian Model Comparison

In the Bayesian pRF computational framework, each voxel is given a set of model evidence, which
is used as a metric for model evaluation. We compared the evidence from the HCP data under six
different pRF models using a random effects analysis (RFX) model with the free energy described
in Zeidman et al. 222, Each model was given its Expected Probability and Protection Exceedance
Probability (PXP). The former refers to the probability that random subject data will be produced
by each model, while the latter represents the probability that each model will outperform all
other models in a comparison.

5.7. FMA-Cortical Functional Connectivity and Gradients Cortical
ROI Definition and Connectivity Matrix Computation

To parcellate the visual cortex, we defined a set of 36 functional regions of interest (ROIs). These

ROIs were created by intersecting a probabilistic atlas of the visual cortex 2 with retinotopic maps

generated by Neuropythy 0. The ROIs were organized on a grid spanning areas V1/V2 across four
eccentricity bands ({0° 2°, 8°, 20°}) and seven polar angle bins ({-30°, 30°, 90°, 150°, 210°, 270°,
330°}). Using the group-averaged retinotopy fMRI data, we extracted the mean time-series for each
of the 36 cortical ROIs. A dense FMA-cortical functional connectivity matrix was then computed by
calculating the Pearson correlation between each cortical ROI’'s time-series and the individual
time-series of every voxel in the FMA. The resulting correlation values were subsequently

stabilized using a Fisher’s Z-transform.

Gradient Computation and Cortical Projection

The principal axes of functional connectivity variation within the FMA were identified by applying
diffusion map embedding to the FMA-cortical connectivity matrix, through the BrainSpace
Toolbox . This method produces a set of gradients, with the first gradient (G) representing the

primary, most dominant axis of connectivity change across all FMA voxels.

To visualize how the FMA’s primary functional gradient relates to the cortex, we projected it onto
the cortical surface using a weighted summation approach adapted from prior work /2 The
cortical projection map was calculated using the following formula:

P(c) =3 erma (G1(v) X FC(v,0))
where P(c) is the projection value at a cortical vertex ¢, G(v) is the score of an FMA voxel v on
the principal gradient, and FC(v, c) is the functional connectivity between them. Conceptually,
this formula weights the cortical connectivity pattern of each FMA voxel by its score on the
gradient. By summing these weighted maps, the resulting cortical projection P(c) reveals the
two opposing patterns of cortical connectivity that define the FMA’s primary axis of
functional organization.

5.8. Model Reliability Test

To evaluate the reliability of pRF estimates, we performed split-half analyses on group-averaged
data across subjects. The 178 subjects were randomly divided into two groups of equal size, and

the data were averaged within each group. Voxels were thresholded under the single pRF model,
and polar angle, pRF size, and HRF parameters were estimated independently for each half.
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5.9. Fiber Tracking

All tractography was performed in DSI Studio (http.//dsistudio.labsolver.org/™ ) utilizing the group-

averaged Human Connectome Project (HCP-1065) template 27 A deterministic fiber tracking

algorithm based on quantitative anisotropy was employed to generate streamlines 28, Tracking
was seeded from all voxels within the FMA mask. To ensure comprehensive reconstruction of the
fiber architecture, tracking was performed iteratively using a range of angular thresholds (30°,
40°, 50°, 60°, 70°, 80°, and 90°). Additional tracking parameters were held constant: a fractional
anisotropy (FA) threshold of 0.15 was used to terminate pathways, the step size was set to 0.5 mm,

and streamlines shorter than 20 mm or longer than 200 mm were discarded.

To delineate anatomical tracts corresponding to specific visual field representations, we employed
a region-of-interest (ROI) and region-of-avoidance (ROA) strategy. The ROIs and ROAs were derived
directly from our pRF functional maps, and the procedure was conducted separately for the left
and right visual field pathways. For the left visual field pathway, a single seed volume (ROI) was
created from all voxels functionally identified as representing the left visual field (in both
hemispheres), while an avoidance volume (ROA) was created from all voxels representing the
right visual field. Streamlines were discarded if they entered the avoidance region. An analogous
seeding and avoidance strategy was applied to delineate the right visual field pathway. For each
pathway (left and right visual field), the streamlines generated across all angular thresholds were
merged into a single comprehensive bundle. To remove anatomically implausible or spurious
fibers, these final bundles were refined by removing any streamline clusters containing fewer
than 100 streamlines.

5.10. Neuronal Viral Tracing

Animal and viruses

Male C57BL/6] mice aged 3-5 months obtained from SPF (Beijing) Biotechnology Co., Ltd were used
for this study. The recombinant adeno-associated viruses (rAAV-hSyn-EGFP (AAV/9, 5.01E+12vg/ml)
and rAAV-hSyn-tdTomato (AAV/9, 3.75E+12vg/ml)) were purchased from BrainCase Co., Ltd. All
animal experiments were approved by the Animal Care and Use Committee of the University of
Science and Technology of China (USTCACUC21240122009).

Viral labeling

Viral injections were performed on anesthetized mice, which were subsequently mounted in an
animal stereotaxic frame (RWD). A heating pad was utilized to maintain the animals’ core body
temperature at 36 °C. For anterograde tracing, specific viral constructs were bilaterally delivered
into the primary visual cortex (V1) of C57BL/6] male mice. The injection coordinates were
established as: AP, -4.0 mm; ML, +2.6 mm; and DV, -1.2 mm. Specifically, rAAV-hSyn-EGFP was
infused into the right V1, and rAAV-hSyn-tdTomato into the left V1. Each injection consisted of 90
nL of virus, delivered via calibrated glass microelectrodes connected to an infusion pump at a
constant rate of 10 nL/min. To minimize virus backflow along the injection track, the microsyringe
was left in situ for 10 min following injection. Upon completion, the incision was sutured and the
surgical site was sterilized with iodine.

Sample preparation and whole brain imaging

Three weeks post-viral injection, mice were anesthetized and transcardially perfused with 20 ml of
1xPBS (phosphate-buffered saline) twice, followed by 20 ml of 4% PFA (paraformaldehyde). Brains
were then post-fixed in 4% PFA at 4 °C overnight and washed three times with 1xPBS. For hydrogel
embedding, samples were immersed in a 1:1 solution of 4% HMS (Hydrogel Monomer Solution)
and 20% BSA (bovine serum albumin). This solution was degassed in a vacuum pump for 10 min
while centrifuge tubes were surrounded by ice. Samples were then polymerized in this solution at
37 °C for 4 hrs. All samples were subsequently sectioned into 300-um-thick slices using a
vibratome.
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All slices underwent clearing in 4% SDS (Sodium Dodecyl Sulfate) with continuous shaking at 37 °C
overnight. Following clearing, slices were washed three times with 0.3% PBST (1xPBS with 0.3%
Triton X-100) and stored in 1xPBS at 4 °C. The processed slices were then sequentially mounted
onto hydrophilic-treated glass panes. After applying vacuum-degassed 4% HMS solution in a fume
hood, slices were covered with hydrophobic-treated glass slides. These samples were transferred
to a 37 °C incubator and polymerized for 4 hrs. Subsequently, the samples were immersed in a
high-refractive-index matching solution. The cleared slices were then imaged using VISoR
(Volumetric Imaging with Synchronized on-the-fly-scan and Readout). Imaging was performed
sequentially using 488 nm and 561 nm excitation for virus-labeled signal acquisition, and 405 nm
excitation to capture tissue autofluorescence. Image stacks were acquired at an isotropic voxel size
of 1x1x3.5 um3.

Whole brain reconstruction

The brain reconstruction pipeline comprised five sequential stages 22%: (1) Image columns are
generated by the actual stacking of coordinates. Whole-brain slices were computationally
reassembled from sequentially acquired image columns by applying pre-calibrated distortion
correction coefficients and spatially registering overlapping fiducial markers to ground-truth
coordinates. (2) The upper and lower image planes of each contrast-enhanced slice were
algorithmically reconstructed through linear regression and interpolation. (3) Adjacent slices were
co-registered using a hybrid approach that combines rigid transformation with B-spline-based
non-rigid deformation to align fine-scale textural features and edge contours. (4) Displacement
vector fields between neighboring slices were iteratively optimized to mitigate error propagation
across the volumetric dataset. (5) A moving-least-squares algorithm was applied to minimize
residual slice-level distortions while preserving intrinsic tissue morphology.

Quantification of spatial colocalization

To assess the degree of spatial colocalization between the two fluorescently labeled fiber
populations, we calculated the Dice coefficient (D) and the Jaccard index (J) based on volumetric
overlap of red and green channel-labeled projection. The metrics are defined as:

(AN B)

(AU B)

(AN B)

(AU B)

Where A and B denote the 3D volumes of green and red fiber tracts respectively, (A n B)
represents their volumetric overlap, and (A u B) represents the combined volumetric space
occupied by both tracts. The Jaccard index (J) and Dice coefficient (D) were calculated from
binarized volumetric masks, with both metrics yielding values from 0 (complete spatial
segregation) to 1 (perfect volumetric colocalization).

D=2x

J =

Data availability

The 7T retinotopy dataset were downloaded from the HCP database
(https://db.humanconnectome.org@). The 7T retinotopy dataset includes four packages: (1)
Retinotopy Task fMRI Functional Preprocessed Extended; (2) Structural Preprocessed for 7T, with
the same spatial resolution and space as the fMRI data; (3) Diffusion Preprocessed, with 1.05 mm
spatial resolution diffusion and structural data in native space.
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This study combined high-field fMRI with computational modelling (including a Bayesian
population receptive field [pRF] model and functional gradient analysis) in humans to
demonstrate that the architecture of the corpus callosum (CC) and its interhemispheric
connections is organized into parallel ipsilateral and contralateral streams, rather than
functioning as a mixed integration of inputs from both hemispheres. The human findings
were validated through preclinical experiments in mice using viral axonal tracing, which
revealed a non-overlapping laminar arrangement of axons carrying left and right visual field
information.

These results suggest that the CC operates as a set of parallel, segregated pathways, with each
stream independently conveying information from one side of the visual field. This
organization preserves the spatial origin of visual signals within the white matter. Although
the overall concept of interhemispheric parallel pathways is not entirely unexpected, this
refined understanding of callosal organization provides important scientific and clinical
insights in relation to pathway-specific perturbations and in neurological disorders.

Strengths:

The manuscript is well written, the methodology is sound, and the analyses are carefully
conducted. I particularly appreciate the effort to integrate functional and structural
approaches and to validate the human neuroimaging findings with more sensitive preclinical
techniques, such as viral tracing.

Weaknesses:

Several points require clarification to allow a more complete interpretation of the results. In
addition, some further analyses are necessary to fully substantiate the claims made in the
manuscript. These are detailed below

Comment 1:

BOLD signals in white matter remain a matter of debate, although this is not the central focus
of the present study. Nevertheless, it is important to establish whether the underlying data
have sufficient tSNR to support robust pRF estimation in white matter. In Figure 1, the EV
appears relatively robust; however, it seems that only the best-fitting examples are shown. In
contrast, the group-average EV reported in Figure 2, and the individual maps in the
Supplementary Information indicate very low EV values, typically below 5%. In conventional
fMRI analyses, thresholds of approximately 15-20% EV are often applied to exclude poor fits
that may bias pRF parameter estimates. It appears that no such threshold was applied here.
Interestingly, in Figure S6, the average EV for dual pRF models appears to be approximately
17%. Do dual and triple pRF models systematically produce higher EV compared to single pRF
models? Additionally, Figure 2 suggests the presence of baseline activation that is captured by
the model. Could this be related to a delayed or altered hemodynamic response function
(HRF) in white matter? Clarification would be helpful. To better assess the robustness of the
reported findings, the authors should provide quantitative measures of tSNR within the white
matter tracts where the pRF model was fitted. Furthermore, a plot showing the average BOLD
signal during visual stimulation versus baseline in those tracts would greatly strengthen
confidence in the signal quality.

Although the reported linear relationship between pRF size and eccentricity, as well as the
test-retest reliability analyses, suggest the presence of consistent receptive field estimates,
these analyses are based on distributions and may lack the sensitivity required to
differentiate single, dual, and triple pRF models. Moreover, the pRF estimates within the FMA
appear noisy, particularly at the individual level (Figure S4), making it difficult to clearly
dissociate information originating from the left and right hemifields.
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Comment 2.1:

The Bayesian modelling approach is interesting and robust. However, as I understand it, the
authors must specify a priori the number of pRFs to be estimated. This introduces a strong
assumption about the expected underlying receptive field structure. An alternative Bayesian
approach, such as micro-probing (Carvalho et al., 2020), does not require prior assumptions
regarding the number or shape of pRFs. Instead, it estimates receptive field profiles in a more
data-driven manner and provides a direct visualization of the pRF structure. Implementing
such an approach, or at least comparing it with the current modelling strategy, could yield
more reliable and potentially less biased estimates of multiple pRFs, particularly in white
matter where signal quality is limited.

Comment 2.2:

Some clarifications regarding the pRF model are needed: in the Methods section, the authors
mention the use of a Difference-of-Gaussians (DoG) model. However, it appears from the
Results that the analyses were performed using a single-Gaussian model. Additionally, in
Section 5.6, the authors state that six different pRF models were tested. Which specific models
were included in this comparison? A clear description of each model, along with justification
for the final model selection criteria, would help better understand the study

Comment 3:

Throughout the manuscript, the authors repeatedly refer to laminar-specific findings.
However, the reported functional resolution of 1.6 mm isotropic is insufficient to reliably
resolve cortical layers. Given this limitation, the laminar interpretations appear overstated.
For example, in the Discussion section titled "Integrating White Matter with Laminar-
Resolved Function”, the authors state: "The combination of anatomically segregated white
matter pathways with functionally specific cortical laminae presents a powerful synergy for
human brain circuit research.” Given the spatial resolution of the functional data, how are
laminar-specific functional claims justified?

Similarly, the authors suggest that: "It becomes possible to assess not just if the CC is
damaged, but precisely which directional pathways are compromised-either the pathways
projecting from the lesioned hemisphere, or those projecting to the other, or both." It is
unclear to me how the current methodology uniquely enables this level of directional
specificity, and whether this was not already feasible using existing structural and diffusion-
based approaches. The authors should clarify what is genuinely novel in this study.

Comment 4:

In the Discussion, the authors state: "These findings fundamentally reframe our
understanding of interhemispheric communication, moving beyond static connectivity to
reveal a dynamic, directionally specific highway where spatial location encodes the origin of
information. This framework provides a novel blueprint for decoding directional information
flow in the living human brain."” Based on the analyses presented, it is unclear how the
findings of this study demonstrate dynamic connectivity or true directional specificity. The
reported results appear to characterize spatial organization and segregation of callosal
pathways, but they do not measure the directionality of information flow, temporal
dynamics, or causal directionality between hemispheres. To substantiate claims regarding
dynamic or directional communication, additional analyses, such as connective field model
(Haak et al.2013), effective connectivity modelling, time-resolved approaches, or
perturbation-based methods (neuromodulation) would be required. As currently presented,
the findings seem to support structural and functional segregation rather than dynamic or
directionally resolved interhemispheric information transfer. The authors should either
provide stronger evidence for these claims or moderate them.
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Comment 5:

I agree with the authors that pooling of information across hemispheres represents a
plausible explanation for the presence of dual pRFs. As discussed in the manuscript, such an
effect would be expected to predominantly affect pRFs located near the vertical meridian.
However, Figures S6C and S6D do not appear to demonstrate that bilateral pRFs are
preferentially located along the vertical meridian.

https://doi.org/10.7554/eLife.110399.1.sa2

Reviewer #2 (Public review):
Summary:

The manuscript proposes a "parallel wires" architecture for the visual corpus callosum,
suggesting that contralateral and ipsilateral visual streams remain spatially segregated into
distinct anatomical channels. The authors use a cross-species approach, combining Bayesian
population receptive field (pRF) modeling in humans with dual-color viral tracing in mice.
The analysis of the publicly available human fMRI dataset indicates a 92% probability of
single-hemifield representation, arguing for functional segregation. The mouse mesoscale
tracing data support the idea of anatomical parallel wires by displaying dorso-ventral
segregation of callosal axons post-midline crossing.

Strengths:

The primary strength of this study is its cross-species integration. Observing that functional
segregation in humans is mirrored by specific anatomical pathways in the mouse provides a
convincing, multimodal argument for the "parallel wires" hypothesis. The data is generally
well-presented, and the Bayesian modeling of the human data is a robust methodological
choice.

Weaknesses:

There are weaknesses in the description, presentation, and methodological details of the
mouse tracing data. First, the authors must provide detailed information regarding spectral
unmixing, intensity normalization, and threshold-sensitivity analyses. These factors are
critical as they directly influence the Dice and Jaccard overlap estimates that underpin the
study's primary conclusions. Second, it is unclear which cortical layers have been virally
labelled as there is no quantification of the spatial extent of the injection site, and there is
ambiguity regarding the dorso-ventral stereotaxic coordinates.

https://doi.org/10.7554/eLife.110399.1.sa1

Reviewer #3 (Public review):

Summary:

This manuscript describes a study into the functional organization of the forceps major
(FMA). The authors present a Bayesian population receptive field (pRF) analysis of group-
averaged HCP fMRI retinotopic mapping data, focusing on voxels within the FMA. This is
unconventional because pRF modelling is usually limited to gray matter voxels, where
synaptic activity underlying neural computation is the highest. Nevertheless, some previous
work suggests that meaningful fMRI signals can also be gleaned from white matter voxels,
where the signals are thought to reflect metabolic activity from action potentials that travel
along axons. However, these signals are generally much noisier, and possible confounding
effects due to partial voluming, draining veins, and different hemodynamics must be
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carefully ruled out. Based on the Bayesian pRF analysis, the authors claim evidence of
segregated contralateral and ipsilateral representations of the visual field in the FMA.
Anatomical tract tracing based on HCP diffusion MRI data from seeds identified using the pRF
analysis further suggests that these representations are underpinned by separate fiber
bundles, which also appear to be consistent with the results of viral tracing in mice. The
results of this study could mean an important step forward in understanding transcallosal
signaling.

Strengths:

The study treads uncharted territory, leveraging multiple data modalities across species and
advanced analytical approaches.

Weaknesses:

The study does not address potential confounds related to BOLD imaging in white matter
structures. If the fMRI results can be explained based on neighboring grey matter responses,
the evidence that remains is limited to an apparent anatomical segregation of white matter
bundles that appear to be present in both mice and humans.

Further details are also missing regarding the Bayesian pRF approach, including the priors
used for the pRF model. These are important as they will dominate the estimates when the
data are very noisy, and the authors have adopted unconventional, more complex pRF
models compared with earlier work employing Bayesian pRF analyses.

It appears that the authors have not applied any statistical thresholding to ensure that only
good-quality model fits are entered into subsequent analyses (i.e., the reported probabilities
pertain to model comparisons, not goodness of fit). From Figure 2, it appears that the
majority of the FMA voxels, barring those adjacent to visual gray matter, do not exhibit more
than a few percentage points of explained variance (EV). In fact, a common threshold is >15%
EV, but it looks like none of the FMA voxels exceed this threshold.

https://doi.org/10.7554/eLife.110399.1.sa0
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