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Abstract. The primary visual cortex (V1) in humans and many animals is com-
prised of fine-scale neuronal ensembles that respond preferentially to the stimu-
lation of one eye over the other, also known as the ocular dominance columns
(ODCs). Despite its importance in shaping our perception, to date, the nature of
the functional interactions between ODCs has remained poorly understood. In
this work, we aimed to improve our understanding of the interaction mechanisms
between fine-scale neuronal structures distributed within V1. To that end, we ap-
plied high-resolution functional MRI to study mechanisms of functional connec-
tivity between ODCs. Using this technique, we quantified the level of functional
connectivity between ODCs as a function of the ocular preference of ODCs,
showing that alike ODCs are functionally more connected compared to unalike
ones. Through these experiments, we aspired to contribute to filling the gap in
our knowledge of the functional connectivity of ODCs in humans as compared
to animals.

Keywords: Ocular Dominance Column (ODC), Primary Visual Cortex (V1),
Resting-State Functional Connectivity (rs-FC).

1 Introduction

Resting-state functional connectivity (rs-FC) has been extensively used to study the
large-scale functional organization and networks of the human brain. However, the use
of rs-FC at the mesoscale level — especially to study brain circuitry — has been more
limited [1-4]. This is mainly due to the technical challenges in visualizing mesoscale
neuronal ensembles and measuring their rs-FC reliably across scan sessions, e.g. in the
case of ocular dominance columns (ODCs) [5-7] that are small compared to the spatial
resolution of conventional functional neuroimaging techniques.

Visual processing relies on functional interactions between fine-scale neuronal clus-
ters distributed across the visual cortex. Within the primary visual cortex (V1; one of
the most studied areas in the visual system), ODCs are considered the building blocks
of visual processing, with interconnections [8-10] that have an important role in shaping
our perception [11-16]. Anatomical studies in animals have shown that ODCs are
tightly interconnected through selective horizontal connections [17-21]: ODCs that
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share ocular preference (i.e., with alike preference) exhibit stronger connections to each
other than those with unalike ocular preference [8-10]. Despite direct relevance to a
wide range of perceptual impairments (e.g. amblyopia [22-24]), however, our
knowledge of rs-FC between ODCs and its role in controlling perception in humans is
limited. Providing evidence for homologous connections in the human V1 via measur-
ing the extent and selectivity of functional connections between ODCs would fill the
gap in our understanding of the functional organization of ODCs in humans as com-
pared with animals.

New data acquisition and processing technologies have recently enabled the study
of mesoscale rs-FC in humans. In this work, by focusing on the human V1 organization,
we assess the capabilities of our high-resolution functional MRI (fMRI) techniques in
revealing rs-FC and its selectivity between ODCs. Specifically, we test the hypothesis
(based on animal models [16, 17, 25-28]) that rs-FC between ODC pairs varies with
respect to their ocular preference, showing that ODCs with alike ocular preference are
more strongly interconnected than those with unalike preference.

We present our methods in Section 2, and provide our results and discuss them in
Section 3.

2 Methods

2.1  Data Acquisition

Participants. 11 subjects (3 females), aged 25-45 years old, participated in this study.
All participants had radiologically intact brains and no history of neuropsychological
disorders. One subject was excluded from the study because their ODCs were not de-
tected reliably. All experimental procedures conformed to the guidelines of the National
Institutes of Health and were approved by the Massachusetts General Hospital proto-
cols. Written informed consent was obtained from all participants prior to all experi-
ments.

Procedure. For ODC localization, participants were scanned 2-3 times in an ultra-high
field 7T scanner (whole-body system, Siemens Healthcare, Erlangen, Germany) for the
functional experiments. They were then scanned in a separate session to measure their
rs-FC. All participants were also scanned in a 3T scanner (Tim Trio, Siemens
Healthcare) for structural imaging.

ODC Mapping. We stimulated the participant’s left and right eyes in different blocks
(i.e., block-design; 24 s per block). The stimuli were sparse (5%) moving random red
(50% of blocks) and green (the rest of blocks) dots (0.09°%0.09°; 56 cd/m?2), presented
against a black background. During the fMRI experiments, stimuli were presented via
an LCD projector with a 1024x768 (HxW) pixel resolution and 60 Hz refresh rate onto
a rear-projection screen, viewed through a mirror mounted on the receive coil array.
MATLAB (MathWorks, Natick, MA, USA) and the Psychophysics Toolbox [29, 30]
were used to control stimulus presentation.
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Participants viewed the stimuli through custom-made anaglyph spectacles (with red
and green filters) mounted to the head coil. During the blocks, dots were oscillating
horizontally (-0.22° to 0.22°; 0.3 Hz). Stimuli extended 20°x26° in the visual field.
Each experimental run began and ended with 12 s of uniform black. The sequence of
blocks was pseudo-randomized across runs (14 blocks per run) and each subject partic-
ipated in 12 runs. Filter laterality (i.e., red-left vs. red-right) was counter-balanced be-
tween sessions and across participants. The participants were instructed to look at a
centrally presented fixation object (radius = 0.15°) and to do either a shape-change for
the fixation target (circle-to-square or vice versa) during the ocular dominance activity
measurements or a random dot-detection during the retinotopic mapping.

Retinotopic Mapping. For all participants, the border of V1 was defined retinotopi-
cally [31]. Stimuli were based on a flashing radial checkerboard, presented against a
gray background within retinotopically limited apertures, including wedge-shaped ap-
ertures radially centered along the horizontal and vertical meridians (polar angle = 30°).
These stimuli were presented to participants in different blocks pseudo-randomly se-
quenced across runs (24 s per block and 8 blocks per run, for at least 4 runs).

Imaging. Functional experiments (see above) were conducted in a 7T whole-body Sie-
mens scanner equipped with SC72 body gradients (70 mT/m maximum gradient
strength and 200 T/m/s maximum slew rate) using a custom-built 32-channel helmet
receive coil array and a birdcage volume transmit coil. Voxel dimensions were nomi-
nally 1.0 mm. We used single-shot gradient-echo EPI to acquire functional images with
the following protocol parameter values: TR=3000 ms, TE=28 ms, flip angle=78°, ma-
trix=192x192, BW=1184 Hz/pix, echo-spacing=1 ms, 7% phase partial Fourier,
FOV=192x192 mm, 44 oblique-coronal slices, acceleration factor R=4 with GRAPPA
reconstruction and FLEET-ACS data [32] with 10° flip angle. The field of view in-
cluded occipital cortical areas V1-V4.

Resting-state data were acquired during 4, 3, and 1 runs for 4, 5, and 1 subjects,
respectively, with each run containing 128 time points. To test the reproducibility, two
subjects were rescanned on a different day.

Structural (anatomical) data were acquired in a 3T Siemens TimTrio whole-body
scanner, with the standard vendor-supplied 32-channel head coil array, using a 3D T1-
weighted MPRAGE sequence with protocol parameter values: TR=2530 ms, TE=3.39
ms, T1=1100 ms, flip angle=7°, BW=200 Hz/pix, echo spacing=8.2 ms, voxel
size=1.0x1.0x1.33 mms3, and FOV=256x256x170 mm3.

2.2  Data Analysis

Functional and anatomical MRI data were pre-processed and analyzed using FreeSurfer
and FS-FAST (version 7.11; http://surfer.nmr.mgh.harvard.edu) [33] and in-house
MATLAB code.
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Structural Analysis. For each participant, inflated and flattened cortical surfaces were
reconstructed based on the high-resolution anatomical data [33]. During this process,
the standard pial surface was generated as the border between the gray matter (GM)
and the surrounding cerebrospinal fluid (CSF). The white matter (WM) surface was
also generated as the WM-GM interface. To enable intra-cortical smoothing (see be-
low), we also generated a family of 9 intermediated equidistant surfaces, spaced at in-
tervals of 10% of the cortical thickness, between the WM and pial surfaces. To improve
the co-registration of functional and structural scans, all surfaces were upsampled [34].

Functional Analysis. The collected functional data were first upsampled (to 0.5 mm
isotropic) and then corrected for motion artifacts. For each participant, functional data
from each run were rigidly (6 DoF) aligned relative to their own structural scan using
rigid Boundary-Based Registration [35]. This procedure enabled us to compare data
collected for each participant across multiple scan sessions.

To retain the spatial resolution, no tangential spatial smoothing was applied to the
imaging data acquired at 7T. Rather, we used the method of radial (intracortical)
smoothing [36] — i.e., perpendicular to the cortex and within the cortical columns. For
deep cortical depths, the extent of this radial smoothing was limited to WM-GM inter-
face and the adjacent 2 surfaces right above it (see above) — i.e., the bottom 30% of the
GM thickness. For the superficial cortical depths, the extent of this procedure was lim-
ited to GM-CSF interface and the adjacent 2 surfaces right below it. For the middle
cortical layers, the extent of this procedure was limited to the three middle reconstructed
cortical surfaces.

A standard hemodynamic model based on a gamma function was fitted to the fMRI
signal to estimate the amplitude of the blood-oxygen-level-dependent (BOLD) re-
sponse. For each individual participant, the average BOLD response maps were calcu-
lated for each condition. Finally, voxel-wise statistical tests were conducted by compu-
ting contrasts based on a univariate general linear model, and the resulting significance
maps were projected onto the participant’s anatomical volumes and reconstructed cor-
tical surfaces.

Resting-State Data Analysis. To measure rs-FC, partial correlation coefficients of the
resting-state data were computed for pairs of vertices within the V1 cortical surface
mesh of each brain hemisphere, reconstructed for each subject based on their own struc-
tural data (see above). Head motion and WM signals were used as nuisance regressors.

The selectivity of functional connections between ODCs was inferred by comparing
the level of correlation between vertices with alike vs. unalike ocular preference. This
was done both in the entire V1 (of each hemisphere) as well as in separate ODC distance
quantiles. In the latter case, given the known GE-BOLD point spread function in deep
cortical layers [37, 38], we only included the rs-FC values between ODCs at least 3 mm
apart from each other.

Next, we tested the reproducibility of the rs-FC selectivity by comparing it in two
sessions of each of the two subjects for which a second session (on a different day) had
been acquired. We further made use of these two-day rs-FC data to assess the ability of
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machine-learning approaches to predict the ODC map from the rs-FC patterns in V1,
using one rs-FC session for training and the other session for prediction. To that end,
we employed machine learning methods implemented in MATLAB’s Regression
Learner app (such as variations of the linear regression, tree, support vector machine,
efficient linear, ensemble, Gaussian process regression, multilayer neural network, and
kernel methods).

3 Results and Discussion

ODC Mapping. We measured the evoked ocular dominance activity for all participants
in the deep cortical depth level across visual areas by subtracting the response of the
non-dominant eye from the response of the dominant eye. The evoked activity is shown
in Fig. 1 for a representative participant. Consistent with post-mortem anatomical stud-
ies in humans [39] and non-human primates [40-42] with normal vision, the cortical
topography of the evoked ocular dominance response was organized into mostly paral-
lel interdigitated stripes. These fine-scale stripes — formed by ODCs with alike prefer-
ence — were similarly detected across cortical depths, reflecting the columnar organiza-
tion of V1 ODCs [40]. In both hemispheres, these stripes were predominantly limited
to the regions of V1 (radius < 10%), representing the central retinotopic visual field that
was stimulated during the scans, whereas they were absent in other visual areas. This
pattern was consistently observed in all participants in each hemisphere.

Selectivity of rs-FC. The level of rs-FC between ODCs with alike (same) vs. unalike
(different) ocular preference is shown in Fig. 2 for both hemispheres of all 10 subjects.
Paired t-tests across subjects showed mean rs-FC to be significantly higher between
vertices with alike than unalike ocular preference in the left (p=0.007) and right
(p=0.004) hemispheres.

Mean rs-FC for ODC pairs at different distance brackets, averaged across subjects
and hemispheres, is shown in Fig. 3. The overall level of rs-FC between ODCs de-
creased as their distance from each other increased. Importantly, the significantly
stronger correlation values between ODCs with alike rather than unalike ocular prefer-
ence were observed even at longer distances. These results support the main hypothesis
that, as in animals, human ODCs with alike ocular preference exhibit stronger rs-FC to
each other, even across a long distance.


https://doi.org/10.1101/2024.05.22.595395
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.22.595395; this version posted July 9, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-ND 4.0 International license.

6 I. Aganj & S. Nasr

Effect Size
(Beta Value)

2i
2

Fig. 1. ODC maps made by contrasting the response to left vs. right eye stimulation, overlaid
on the pial (top), inflated (middle), and flattened (bottom) representations of a subject’s cortex.
The green arrow and asterisk indicate the foveal direction. The black dashed line shows the bor-

ders of V1, defined retinotopically.
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Fig. 2. The level of rs-FC between ODCs with alike (same eye) vs. unalike (opposite eye) ocular
preference, averaged across runs (error bars: standard error of the mean) for each subject and

hemisphere. Paired t-test across subjects in each hemisphere revealed mean rs-FC to be signifi-
cantly higher between vertices with alike rather than unalike ocular preference.
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Reproducibility. The rs-FC correlation
values, computed vertex-wise, are
smaller than commonly reported region-
wise rs-FC, where within-region signal
averaging increases the signal-to-noise
ratio. Despite the low levels, the selective
rs-FC between ODCs was consistent
across different runs within each scan
session, as reflected in the small standard
error of their means (Fig. 2). To test the

Correlation coefficient (r)

reproducibility of this phenomenon from
day to day, two subjects were re-scanned
on a different day. As Fig. 4 shows, in
both subjects, despite the slight change in
the level of rs-FC between ODCs across
sessions, the selective trend of rs-FC (i.e.,
stronger for alike than unalike ODCs) re-
mained consistent.
We further tested the informativeness

16.1-215 28+

215-28
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Fig. 3. The level of rs-FC between ODCs with
same vs. different ocular preference, averaged
across hemispheres and subjects, for different
distance brackets. Paired t-tests are across sub-
jects (hemispheres averaged).

of rs-FC in predicting the ODC map. We

trained machine-learning models using the rs-FC of the V1 measured in one day, and
then tested it with rs-FC acquired on a different day. This test was separately applied to
the hemispheres of two subjects for whom rs-FC was collected on two different days;
hence, 2 subjects x 2 hemispheres x 2 train/test directions = 8 experiments. The best-
performing method was the ensemble of learners (with bootstrap aggregation), resulting
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that were positive in all 8 experiments
(two-sided sign test p=0.008), with a
mean (+ standard error) of r=0.15+0.02.
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Conclusions. We used the well-studied O o® om s O w o® om 5@
functional organization of ODCs to test Subject (session) Sublect (session)
the capabilities of rs-FC in human sub-
jects to reveal the mesoscale functional
organization of the human visual cortex.
Our results, when combined with the
findings based on anatomical [8-10] and rs-FC measurements in animals [16, 17, 25-
28], can help to fill the gap in our knowledge of rs-FC between ODCs in humans as
compared to animals. Such knowledge may be beneficial to future clinical studies by
providing new potential biomarkers for clinicians who desire to monitor the impact of
various visual disorders on the fine-scale functional organization of the visual cortex.

Fig. 4. Reproducibility of rs-FC selectivity be-
tween ODCs across two scan sessions for two
subjects. See Fig. 2 for details.
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