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Abstract

Functional magnetic resonance imaging (fMRI) is a noninvasive method for measuring human brain activity based on blood oxy-
genation level-dependent (BOLD) responses. Although many studies have reported positive BOLD responses evoked by sensory
stimuli, others have reported negative BOLD responses (NBRs) in the sensory cortex when stimuli from different sensory modal-
ities are presented (i.e., cross-modal NBRs). We conducted an fMRI experiment to better understand the characteristics of cross-
modal NBRs in subcortical and cortical regions. Auditory and visual stimuli were presented unilaterally to one ear and to either
the left or right visual field, respectively. The lateral geniculate nucleus and medial geniculate nucleus did not show a significant
cross-modal NBR. In contrast, the primary auditory cortex showed a significant cross-modal NBR when visual stimuli were pre-
sented in either the contralateral or ipsilateral visual fields. Finally, we found that the cross-modal NBR in the early visual cortex
was highly variable across subjects and did not exhibit consistent trends. However, each subject’s data exhibited considerable
split-half reliability. Our results suggest that cross-modal NBR in the auditory cortex likely reflects mechanisms such as interhemi-
spheric suppression, rather than those coordinated within the same hemisphere.

NEW & NOTEWORTHY This study demonstrated that the human primary auditory cortex showed a significant cross-modal nega-
tive BOLD response bilaterally, regardless of the visual field in which the visual stimuli were presented. This result suggests that
the cross-modal negative BOLD response is not an epiphenomenon of visual cortex activation predominantly observed in the
contralateral hemisphere, but is more likely to reflect interhemispheric suppression mechanisms.

auditory system, cross-modal; functional MRI; visual system

INTRODUCTION complementary roles in identifying information from the
environment, as each modality is sensitive to different

Humans and animals achieve adaptive behaviors by types of information. Understanding how the human brain
receiving environmental information through multiple processes information from multiple sensory modalities
sensory modalities. These diverse sensory modalities play is essential for elucidating how humans obtain crucial
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information from multisensory inputs to achieve adaptive
behavior (1, 2) and how dysfunction in one modality impacts
neural processing in other modalities (3-5). Functional mag-
netic resonance imaging (fMRI) is an essential method for
such investigations because it enables the noninvasive mea-
surement of blood oxygenation level-dependent (BOLD)
responses, which reflect brain activity, with a relatively high
spatial resolution (6). To date, fMRI studies have successfully
demonstrated the presence of positive BOLD responses to
visual stimuli in the visual cortex (6-8) and positive BOLD
responses to auditory stimuli in the auditory cortex (9).

Several previous fMRI studies have reported the occurrence
of a negative BOLD response (NBR) in the sensory cortex
when stimuli from different sensory modalities are presented
(10-14). Specifically, these studies reported that the auditory
cortex shows an NBR for visual stimuli, whereas the visual
cortex shows an NBR for auditory stimuli. This phenomenon,
which we hereinafter term “cross-modal NBR,” can be crucial
in understanding the mechanisms of processing multisensory
information in the human brain. However, the mechanisms
underlying cross-modal NBR are not well understood, partly
because only a limited number of studies have investigated
them. It remains unclear at which stage of sensory informa-
tion processing cross-modal NBR occurs.

In this study, we aimed to address a few empirical research
questions regarding cross-modal NBR. First, we examined
whether the subcortical nuclei, the medial geniculate nucleus
(MGN) and the lateral geniculate nucleus (LGN), which play
essential roles in the early stages of sensory processing, are
involved in the cross-modal NBR. Second, we tested whether
the cross-modal NBR reflects suppression coordinated within
each hemisphere (e.g., between the auditory and visual corti-
ces in the same hemisphere) or involves interhemispheric
suppression mechanisms. Finally, we performed an explora-
tory analysis to characterize the spatial distribution of cross-
modal NBR within the visual cortex in relation to eccentric-
ity, given that foveal and peripheral regions generally exhibit
different functional properties (15).

To address these research questions, we conducted a
block-design fMRI experiment in which auditory and visual
stimuli were presented unilaterally to one ear and to the left
or right visual field, respectively. This lateralized stimulus
design allowed us to assess whether the cross-modal NBR
involves interhemispheric mechanisms. Regions of interest
(ROIs), including both subcortical and cortical areas, were
identified in each subject’s native space based on structural
MRI data. We then performed a single-subject ROI analysis
to evaluate the time course and percent signal change of
BOLD responses in each ROI and condition.

MATERIALS AND METHODS
Subjects

Fifteen healthy adults (4 males, 11 females) aged 20-40 yr
(mean age, 25.1 yr) with normal or corrected-to-normal
vision participated in the magnetic resonance imaging (MRI)
experiment. All subjects were recruited from the Oka-
zaki area, which includes neighboring cities in the Aichi
Prefecture, Japan. Before participating in the experiment, all
subjects signed a written informed consent form that
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included explanations of voluntary participation, safety for
the MRI experiment, freedom to withdraw from the study,
and sharing of anonymized datasets. The experimental pro-
tocols were approved by the Ethics Committee of the
National Institutes of Natural Sciences (Protocol Number:
ECO01-64). All experiments were conducted in accordance
with the principles of the Declaration of Helsinki.

Apparatus

Auditory and visual stimuli were generated using MATLAB
(MathWorks, Natick, MA) and Psychophysics Toolbox routines
(16). Auditory stimuli were delivered to subjects through MR-
compatible headphones (KM-201W3; KOBATEL, Yokohama,
Japan). Visual stimuli were rear-projected onto a screen at the
back of the MRI bore through an oblique mirror mounted on
the head coil. Visual stimuli were presented using a high-
speed projector system (PROPixx Lite, VPX-PRO-5000A; VPixx
Technologies, Saint-Bruno, QC, Canada) with a spatial resolu-
tion of 1,920 pixels x 1,080 pixels and a refresh rate of 60 Hz.
The distance from the eye to the screen was 141.3 cm, and the
screen size was 32.3 cm x 18.2 cm (13.0° x 7.4° in visual angle).

Stimuli and Experimental Conditions

Auditory stimuli.

The auditory stimuli were two different tones of beep sounds
(293 and 329 Hz) that switched unpredictably during 17-s
stimulus blocks. During the stimulus blocks, auditory stim-
uli were presented for 800 ms, followed by a 200-ms silent
(blank) period in each second. The auditory stimuli were pre-
sented to one ear.

Visual stimuli.

The visual stimuli were similar to those used in a previous
study (17). The visual stimuli were a 120° sector of the annu-
lus (inner radius: 2.1°; outer radius: 5.3°), equally divided
into upper and lower parts by the horizontal meridian. The
upper and lower parts of the stimulus were filled with a drift-
ing square-wave grating (Fig. 14; spatial frequency, 0.08
cycles per degree of polar angle; temporal frequency, 5 Hz;
contrast, 90%) that continuously moved in opposite direc-
tions (clockwise or counterclockwise). The motion direction
of the visual stimuli was reversed unpredictably during a
17-s stimulus block (see Experimental conditions and proce-
dure). During the stimulus blocks, visual stimuli were pre-
sented for 800 ms, followed by a 200-ms blank period with a
gray screen every second. The visual stimuli were presented
on either the left or right side of the screen.

Experimental conditions and procedure.

We used a block-design paradigm for the fMRI experiment
with auditory and visual stimulus presentation (Fig. 1B). In
each run, either auditory or visual stimuli were presented,
but never both simultaneously. Each run started with an ini-
tial 16-s rest block. The stimulus and rest blocks were alter-
nately repeated. Each stimulus block of 17 s was followed by
a rest block, which presented a uniform gray screen for 16 s
(Fig. 1B). During 17-s stimulus blocks, the tone of the beep
sounds (Fig. 1C), or the motion direction of the drifting gra-
ting (Fig. 1D), changed randomly every 1-3 s. Each run con-
sisted of 10 repetitions of the stimulus and rest blocks. The
total duration of each experimental run was 346 s.
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Figure 1. Stimulus and tasks. A: the visual
stimuli (drifting gratings presented in the

left or right visual field). The grating pre-

stimulus

17s

rest stimulus sented in the left visual field is shown as an
16s 17s example. The fixation cross was presented
in the center of the screen. B: schematic

figure of the stimulus and rest blocks.

Auditory (top) or visual stimuli (bottom)

eo— were presented during the stimulus blocks

Iesh.  Stmnins for 17 s. Stimulus blocks were followed by
16s 17s rest blocks, in which the equiluminant

background was displayed for 16 s. The
stimulus and rest blocks were repeated 10
times in each run. C: schematic figure of a
time series of auditory stimulus presenta-
tions in stimulus blocks. During stimulus
blocks of 17 s, the tone of the beep sound
switched randomly every 1-3 s. Subjects
were asked to count the number of
switches that occurred during the run.
Stimuli were presented in the left or right
ear during each block (examples are
shown in the left and right, respectively).

¢ @(«
D

or

) D: schematic figure of a time series of vis-
ual stimulus presentations in stimulus
blocks. During stimulus blocks of 17 s, the
direction of motion was randomly reversed
every 1-3 s. Subjects were asked to count
the number of reversals that occurred dur-
ing the run. Stimuli were presented in
either the left or right visual field during
each block (examples are shown in the left
and right panels, respectively).

/

Subjects underwent eight runs of fMRI experiment (four
for the visual condition and four for the auditory condition).
The auditory and visual runs were interleaved. Subjects were
informed during breaks about which stimulus type would be
presented in the next run.

Task.

Subjects were instructed to detect changes in the auditory or
visual stimuli while keeping their eyes open and fixating on
a black cross at the center of a projection screen. After each
run, subjects verbally reported the number of changes to the
experimenter. Although this task is demanding, subjects
completed it with 97.1+3.2% accuracy (means * one stand-
ard deviation across subjects).

MRI Data Acquisition

Structural MRI data.

All subjects underwent the structural MRI data acquisition
using a 3 T MRI scanner (MAGNETOM Verio; Siemens
Healthcare GmbH, Erlangen, Germany) at the National
Institute for Physiological Sciences with a 32-channel receiv-
ing head coil on a separate day from the 7 T fMRI experiment.
We acquired the T1-weighted magnetization-prepared rapid
gradient-echo (MP-RAGE) images [voxel size: 0.8 mm iso-
tropic; repetition time (TR): 2,400 ms; echo time (TE): 2.24
ms; flip angle: 8°; inversion time: 1,060 ms] from all subjects.
In addition, we acquired T2-weighted sampling perfection
with application-optimized contrast using different flip angle
evolution (SPACE) images (voxel size: 0.8 mm isotropic; TR:
3,200 ms; TE: 560 ms) from all subjects, as this image can be
used as part of preprocessing (see fMRI data preprocessing).

J Neurophysiol « doi:10.1152/jn.00396.2025

We acquired structural images using 3 T MRI, because
the image intensity of T1-weighted images is more homo-
geneous at 3 T owing to more uniform radiofrequency
excitation and reduced dielectric effects, compared with 7
T MRI (18). In addition, the 3 T MRI provides higher-qual-
ity T2-weighted images, which are useful for correcting
bias fields and identifying and removing veins and the
dura mater, structures that are not clearly distinguishable
from gray matter in T1-weighted images (19, 20). Therefore,
we used structural data acquired with a 3 T scanner for sur-
face-based localization of ROIs in individual subjects.
Notably, recent studies using 7 T have adopted magnetiza-
tion-prepared 2 rapid acquisition gradient echo (MP2RAGE)
(21) to overcome the limitations of using 7 T structural data
for tissue segmentation (22).

Functional MRI data.

The fMRI data were acquired using a 7 T MRI scanner
(Magnetom 7T; Siemens Healthcare GmbH, Erlangen,
Germany) at the National Institute for Physiological
Sciences with a 32-channel receiving head coil and a single-
channel transmitting coil (Nova Medical Inc., Wilmington,
MA). We used a multi-band, gradient-echo, echo-planar
imaging (EPI) sequence provided by the Center for Magnetic
Resonance Research, University of Minnesota (23) (https://
www.cmrr.umn.edu/multiband/). Whole brain fMRI images
were acquired with an isotropic voxel size of 1.6 mm [TR:
1,000 ms; TE: 22 ms; flip angle, 45°; field of view: 208 x
208 mm?; multi-band acceleration factor:5; generalized
auto-calibrating partially parallel acquisition (GRAPPA)
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acceleration factor:2; bandwidth: 1,923 Hz/Px; echo
spacing: 3.2 ms; phase-encoding direction: anterior-poste-
rior (AP)].

In addition to the fMRI data, we acquired two spin-echo EPI
datasets with reversed phase-encoding directions (anterior-
posterior and posterior-anterior) before fMRI data acquisition.
Three volumes of spin-echo EPI data were acquired using the
same parameters (TR: 8,000 ms; TE: 60 ms; flip angle: 90°),
resulting in the same geometric distortions as the fMRI data.
We used these data for subsequent corrections of geometric
distortions owing to susceptibility-induced artifacts (see fMRI
data preprocessing).

MRI Data Analysis

fMRI data preprocessing.

We used a preprocessing pipeline for the fMRI data devel-
oped based on the Human Connectome Project (HCP) pipe-
line (19, 20). Particularly, we applied gradient nonlinearity,
susceptibility-induced distortion, and motion correction.
The preprocessed fMRI data were subsequently coregistered
to the Tl-weighted image acquired from the same subject
using a 3 T MRI. The T2-weighted images were further used
to separate the veins and dura mater from the gray matter.
All preprocessing steps were performed in the native space
of each subject to avoid loss of spatial resolution derived
from normalization to the template brain (24, 25).

Identification of ROIs from structural MRI data.

We identified ROIs in the native space of each subject by ana-
lyzing the T1-weighted MRI data. We identified ROIs based
solely on structural MRI data to avoid statistical circularity
that can occur if the ROIs are identified from fMRI data.

Subcortical ROIs

We identified the MGN and LGN based on thalamic nuclei
segmentation (26) on T1-weighted images. Briefly, this seg-
mentation was performed based on a probabilistic atlas
developed by combining ex vivo MRI and histology of the
human thalamus (26). Examples of the MGN and LGN ROI
identified in a representative subject are shown in Fig. 2A.
Further details of this segmentation method are described in
the original work (26) and are publicly available as part of
FreeSurfer (27) (https://surfer.nmr.mgh.harvard.edu/fswiki/
FreeSurferVersion3).

Primary Auditory Cortex ROI

We also identified the primary auditory cortex (Al) ROI
based on the FreeSurfer cortical parcellation generated from
T1-weighted images. We used two parcellation schemes imple-
mented in FreeSurfer: the Desikan-Killiany (28) and Destrieux
(29) atlases. Although the Al is typically considered to corre-
spond to Brodmann area 41, Brodmann area 42 is often also
classified as a part of the Al (30). Therefore, we merged one
ROI (ctx-transversetemporal; 1h: 1034; rh: 2034) in the Desikan-
Killiany Atlas and one ROI (ctx_S_temporal_transverse; lh:
11175; rh: 12175) in the Destrieux Atlas to generate a single ROI
that broadly covered the cortical areas defined as the Al in the
anatomical literature (31, 32) for each hemisphere. An example
of the A1 ROI on the cortical surface of a representative subject
is shown in Fig. 3A.
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Visual Cortex ROls

We identified the visual cortex ROIs (V1, V2, and V3) using
the Benson atlas (33, 34) for T1-weighted images. Briefly, the
Benson atlas is a template for a two-dimensional algebraic
model of retinotopic maps (V1, V2, and V3) in the human
brain derived from actual fMRI-based retinotopy measure-
ments. Using a mass-spring-damper simulation, a method
proposed by Benson et al. (34), we registered retinotopic
templates to individual subjects’ native space data. This
method has been shown to accurately predict retinotopic
representation based solely on structural MRI images (34).
The pipeline for performing Benson atlas fitting is imple-
mented as part of a publicly available neuropythy tool
(https://github.com/noahbenson/neuropythy).

By fitting the Benson atlas to the individual subject’s
native space, we obtained the ROIs for V1, V2, and V3. We
further subdivided these ROIs based on eccentricity to
account for the fact that visual stimuli were only presented
in restricted visual fields (see Fig. 1A) and to perform explor-
atory analysis to evaluate cross-modal NBR in relation to
eccentricity representation. Specifically, each of V1, V2, and
V3 was divided into four eccentricity-defined ROIs: foveal
(Fov; 0°-2.1°), middle-peripheral (Mid; 2.1°-5.3°), peripheral
(Peri; 5.3°-20°), and far-peripheral (Far; 20°-80°).

Resampling ROIs into fMRI Resolution

We resampled all ROIs identified in the aforementioned
steps into a 1.6-mm isotropic voxel size to match the ROI and
fMRI data resolution. In subsequent analyses, we used these
resampled ROIs for ROI-based fMRI data analyses.

Evaluating the time course and activation evoked by
sensory stimuli in ROIs.
To evaluate the BOLD responses evoked by sensory stimuli,
we analyzed the time course of the BOLD responses in each
ROI. We first averaged the fMRI data across all voxels belong-
ing to the same ROI to obtain the average time course for
each ROL

The baseline was defined as the mean signal across five
TRs preceding stimulus onset (—4, —3, —2, —1, and 0 s). The
percent signal change at each time point was calculated
using the following formula:

% signal change = (signal — baseline)/baseline (1)

We calculated the percent signal change separately for
each stimulus block. The resulting time courses were aver-
aged across blocks with identical stimulus conditions. These
averaged time courses in each stimulus condition and ROI
were subsequently used for visualization.

For statistical analysis, a single summary value was
derived for each ROI, stimulus condition, and subject by
averaging the percent signal change over 5-22 s after stimu-
lus onset, considering the range of hemodynamic delays
reported in block-design sensory fMRI studies (5-6 s; 35).
The resulting values are visualized in violin plots (36)
(https://zenodo.org/records/4559847).

We did not apply the hemodynamic response function
(HRF) to estimate the response amplitudes of positive or
negative BOLD responses because the BOLD time course in
the visual cortex during the auditory condition exhibited an
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atypical temporal profile that could not be accounted for by
using canonical HRFs. Instead, we used a simple averaging
of the time course to calculate the percent signal change, as
it does not require any assumptions about the HRF.

Statistical analysis and visualization.

Statistical evaluation. We performed statistical tests on
the percent signal change (averaged across time courses) in
each ROIL. First, we conducted a one-sample, two-tailed ¢ test
to assess whether the percent signal change in each ROI was
significantly above or below the baseline. Second, we per-
formed a two-tailed paired ¢ test to evaluate whether the per-
cent signal change in each ROI differed between the ipsilateral
and contralateral hemispheres with respect to the stimulus
presentation. We also quantified the effect size for this compar-
ison by calculating Cohen’s d. Third, we performed a one-way
analysis of variance (ANOVA) to evaluate the statistical differ-
ences in the percent signal change across visual area ROIs with
different eccentricity representations. In all tests, we defined
the statistical significance threshold (x) as P = 0.05.

Visualization of percent signal change in each ROI.
We visualized the distribution of percent signal changes
across subjects using a violin plot (36) (https://zenodo.org/
records/4559847).

Visualization of data on cortical surface. In addition
to the primary statistical analysis performed in each ROI, we
visualized a statistical map of auditory and visual conditions
on the cortical surface using the 3dDeconvolve in AFNI
(Analysis of Functional NeuroImages; https://afni.nimh.
nih.gov/) (37, 38) and SUMA (39). Specifically, we performed a
t test using 3dDeconvolve and visualized statistical maps on
the cortical surface using SUMA with an uncorrected thresh-
old of P = 0.001. Notably, this analysis was performed for
descriptive visualization because evaluating the whole brain
statistical contrast was not the primary interest of this study.

Evaluating the split-half reliability.

We evaluated the reliability of the cross-modal NBR in each
condition and ROI by calculating the split-half reliability. To
this end, we divided the fMRI data into odd and even blocks
for each stimulus condition and separately calculated the per-
cent signal change for each condition and ROI. We then calcu-
lated the inter-subject Pearson correlation of the percent signal
change in each condition and ROI to assess the reliability of
the cross-modal NBR. We also report the P value for each
Pearson correlation as supplementary statistical information.

RESULTS

BOLD Responses in the MGN and LGN to Sensory
Stimuli

We first examined the BOLD responses in the subcortical
regions (MGN and LGN; Fig. 2A) evoked by auditory or vis-
ual stimuli to determine whether these regions exhibited
cross-modal NBRs. Figure 2, B and C shows the percent
signal changes in the MGN and LGN during the auditory
and visual tasks. Data from the ROIs in the hemispheres
ipsilateral and contralateral to stimulus presentation were
analyzed separately.

BOLD responses in both the ipsilateral and contralateral
MGN ROI were significantly higher than zero during the audi-
tory blocks, suggesting the presence of a positive BOLD
response evoked by auditory stimuli (Fig. 2B; one-sample two-
tailed ¢ test, ipsilateral: ¢4 = 4.80, P < 0.001; contralateral: t;4 =
6.97, P < 0.001). Although both the ipsilateral and contralateral
ROIs showed significant positive BOLD responses, the contra-
lateral ROI exhibited a significantly higher percent signal
change (d = 0.83; two-tailed paired ¢ test, t;4 = 3.52, P = 0.003).
These results suggest that the auditory stimuli presented in the
experiment successfully evoked the expected positive BOLD
responses in the MGN. Although the positive BOLD response
showed contralateral dominance, it was also evident in the
ipsilateral ROI. In contrast to the visual system, the auditory
system is not strictly lateralized to the contralateral ear, as sug-
gested in the literature (40) and reported in previous fMRI
studies (14, 41).

The contralateral LGN ROI showed BOLD responses signifi-
cantly above zero during the visual blocks (Fig. 2C; t4 = 4.06,
P = 0.001), replicating the results of previous fMRI studies
(42, 43). In contrast, the ipsilateral LGN did not show signifi-
cant BOLD responses (Fig. 2C; t;4 = 0.51, P = 0.62). The con-
tralateral LGN showed a significantly greater percent signal
change than the ipsilateral LGN during visual blocks (d =
0.69, t14 = 4.98, P < 0.001). Taken together, these results indi-
cate that visual stimuli reliably evoked the expected positive
BOLD responses in the LGN, restricted to the contralateral
side, consistent with the known anatomy of visual pathways.

After confirming the expected positive BOLD responses in
both the auditory (MGN) and visual (LGN) thalamic ROIs, we
examined their responses to stimuli from other sensory
modalities to evaluate the cross-modal NBR in the subcortex.
The MGN did not show BOLD responses significantly above or
below zero during visual blocks in either hemisphere (Fig. 2C;
ipsilateral: t;4, = —0.01, P = 0.99; contralateral: t;4, = 1.09, P =
0.29). Similarly, the LGN did not show BOLD responses signif-
icantly above or below zero during the auditory blocks in
either hemisphere (Fig. 2B; ipsilateral: t;4, = 0.76, P = 0.46;
contralateral: t;4, = 1.39, P = 0.19). These results indicate no
significant evidence of cross-modal NBR in the MGN or LGN.

Positive BOLD Responses in the Primary Auditory and
Primary Visual Cortex Evoked by Corresponding
Sensory Stimuli

We evaluated the BOLD responses in the cortical ROIs (Al
and V1) evoked by sensory stimuli of the corresponding
modalities. Figure 3A shows the percent signal change dur-
ing the auditory blocks in the A1 (location of the ROI in a rep-
resentative subject is shown in Fig. 3A, top left). The time
course of the percent signal change in the contralateral
hemisphere (Fig. 3A, bottom left) showed a positive BOLD
response to auditory stimuli, following the hemodynamic
delay. The percent signal change in the Al during the audi-
tory block was significantly above zero in both the ipsilateral
and contralateral hemispheres (Fig. 3A, bottom left and right;
ipsilateral: t;4 = 10.43, P < 0.001; contralateral: t;, = 14.25,
P < 0.001). The percent signal change in the contralateral Al
was significantly higher than that in the ipsilateral Al (d =
1.63, t14 = 16.28, P < 0.001). These results indicate that audi-
tory stimuli reliably evoked positive BOLD responses in Al,
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Figure 2. Results for subcortical regions of interest (ROIs). A: location of the medial geniculate nucleus (MGN; cyan) and lateral geniculate nucleus (LGN;
magenta) overlaid on an axial slice of a T1-weighted image of a representative subject. The dotted rectangle depicts regions magnified in the bottom
panel. B: blood oxygenation level-dependent (BOLD) response in MGN and LGN when auditory stimuli were presented to the ipsilateral or contralateral
ears. The vertical axis represents the percent signal changes averaged across data from 5 to 22 s after stimulus onset. Each dot represents data from an
individual subject. The white circle in each condition represents the median, whereas gray lines represent the first and third quartiles. Although
MGN exhibited a positive BOLD response to auditory stimuli, no evidence of cross-modal negative BOLD response (NBR) was found in the LGN. The
width of the shadowed area represents the approximate frequency of data points. C: BOLD response in the MGN and LGN when visual stimuli were pre-
sented to the ipsilateral or contralateral visual field. Although the LGN showed a positive BOLD response when stimuli were presented in the contralat-
eral visual fields, we did not find a significant cross-modal NBR in the MGN. Asterisks indicate significant difference in the percent signal change from

zero: #*P < 0.01, ***P < 0.001.

as expected. Similar to the MGN, auditory stimuli evoked
bilateral positive BOLD responses with contralateral domi-
nance in the response magnitude.

Figure 3B shows the percent signal change during the vis-
ual blocks in the V1 (location of the ROI in a representative
subject is shown in Fig. 3B, top). The time course of the per-
cent signal change in the contralateral hemisphere (Fig. 3B,
bottom left) showed positive BOLD responses to visual stim-
uli in eccentricity ROIs corresponding to the stimulus posi-
tion on the screen [Fov (0°-2.1°) and Mid (2.1°-5.3°)]. During
visual blocks, percent signal change in the V1 Fov and Mid
ROIs was significantly above zero in the contralateral hemi-
sphere whereas Peri (5.3°-20°) and Far (20°-80°) ROIs were
significantly below zero in both hemispheres (Fig. 3B, bottom
right; contralateral Fov: t;4 = 2.17, P = 0.048; contralateral
Mid: ¢4 = 6.21, P < 0.001; contralateral Peri: t;4 = —2.69, P =
0.02; contralateral Far: t;4, = —3.96, P = 0.001; ipsilateral
Peri: t;4, = —3.36, P = 0.005; ipsilateral Far: t;, = —3.38, P =
0.005). The observed NBR in the ROIs representing eccen-
tricity outside the stimulus or in the ipsilateral hemisphere
was consistent with previous studies (44). The contralateral
V1 showed significantly higher percent signal change than
ipsilateral V1 in Fov and Mid ROIs (Fov; d = 0.34, t4 = 3.36,
P = 0.005; Mid; d = 1.26, t;4 = 6.60, P < 0.001), but signifi-
cantly lower percent signal change in the Far ROI (d = —0.17,
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tiy = —5.01, P = 0.001). No significant difference was observed
in the Peri ROI (Peri: d = 0.14, t;4 = 1.17, P = 0.26).

The BOLD responses in V2 and V3 showed characteristics
similar to those in V1 (Supplemental Fig. S1). Specifically, in
the contralateral hemisphere, Fov and Mid ROI exhibited
significant positive BOLD responses (V2: Fov: t;4 = 2.81, P =
0.014; Mid: t14 = 6.96, P < 0.001; V3: Fov: t;4, = 6.09, P <
0.001; Mid: t;4 = 14.13, P < 0.001). In contrast, Peri and Far
ROIs in V2 exhibited significant NBR (Peri: t;4, = —3.90, P =
0.002; Far: ty4, = —7.07, P < 0.001), and Far ROI in V3 exhib-
ited significant NBR (Far: t;4 = —5.25, P < 0.001). In the Mid
ROI, the percent signal change was significantly greater in
the contralateral than in the ipsilateral V2 and V3 (V2: d =
1.41, t;4, = 5.60, P < 0.001; V3: d = 1.78, 14, = 5.16, P < 0.001).

These results indicate that the auditory and visual stimuli
presented during the experiment evoked positive BOLD
responses in the auditory and visual cortices, respectively, in
the expected manner. Subsequent analyses focused on the
cross-modal NBR in these cortical ROIs.

Cross-Modal NRBs in the Primary Auditory Cortex Are
Observed Irrespective of the Stimulated Visual Field

We first evaluated the BOLD response in Al under the vis-
ual condition. Figure 4A shows statistical maps of BOLD
responses in Al during the visual condition, mapped onto
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the cortical surface of a representative subject (the location
of the ROI on the whole brain surface is shown in Fig. 4A,
left). We found that the NBR was evoked by visual stimuli in
both hemispheres (Fig. 4A, right).

Figure 4B depicts the time course of the percent signal
change in Al in the hemispheres ipsilateral and contralateral
to the stimulated visual field. The time courses were similar
between the ipsilateral and contralateral hemispheres. The
percent signal change was significantly below zero in both
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hemispheres (Fig. 4C; ipsilateral: ;4 = —3.19, P = 0.007; con-
tralateral: £, = —2.83, P = 0.01), supporting the presence of a
bilateral cross-modal NBR.

We then evaluated the reproducibility of the observed
cross-modal NBR. We divided the fMRI data into odd and
even blocks and calculated the split-half reliability of the
percent signal change (Fig. 4D). We found significant inter-
subject correlations between odd and even blocks in both
hemispheres, supporting the high split-half reliability of the
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observed cross-modal NBR in Al (ipsilateral: » = 0.78, P =
0.001; contralateral: » = 0.74, P = 0.002).

In summary, we observed that cross-modal NBR evoked
by visual stimuli in the Al was present in both hemispheres,
irrespective of the visual field stimulated by the stimuli, sug-
gesting that cross-modal NBR in the auditory cortex is not a
mere epiphenomenon of positive BOLD responses in the vis-
ual cortex.

BOLD Responses in the Visual Cortex to Auditory
Stimuli

Finally, we evaluated BOLD responses in the visual cortex
under the auditory condition. Figure 5A shows the statistical
maps of BOLD responses in the visual cortex during the audi-
tory condition on the cortical surface of a representative sub-
ject, with ROIs displayed in the left. The presence of cross-
modal NBR in the visual cortex was not observed in all
subjects, although the data shown in Fig. 5A indicate some
presence of NBR in this subject. Because the time course of the
percent signal change was similar between hemispheres, ipsi-
lateral and contralateral to the stimulated ear, across all visual
cortex ROIs (Supplemental Fig. S2), subsequent analyses were
performed on data averaged across both hemispheres.

Figure 5B (left) depicts the time course of the percent sig-
nal change during the auditory condition in V1, V2, and V3.
The averaged hemodynamic response across subjects was
atypical, showing no sustained positive or negative BOLD
response despite the block-design presentation of auditory
stimuli. This atypical pattern likely reflects a large inter-sub-
ject variability in the BOLD response (see Supplemental Fig.
S3 for individual time courses). Figure 5B (right) shows the
percent signal change in each ROL. In all cases, we found
considerable individual variation in the BOLD responses.
Due to this variability, no ROI exhibited percent signal
change significantly above or below zero (V1 Fov: t;4 =
—0.24, P = 0.81; V1 Mid: 14 = —0.29, P = 0.78; V1 Peri: t;4 =
-0.04, P = 0.97; V1 Far: t;4, = —1.01, P = 0.33; V2 Fov:
ti4 = 0.47, P = 0.64; V2 Mid: t;4 = —0.43, P = 0.68; V2 Peri:
tiu = —0.95, P=0.36; V2 Far: 14, = —1.52, P = 0.15; V3 Fov: 14 =
0.88, P = 0.39; V3 Mid: t;4 = —0.06, P = 0.95; V3 Peri: t14 =
—1.28, P =0.22; V3 Far: t14 = —1.51, P = 0.15). These results
suggest that there is no statistical support for the cross-
modal NBR at the population level. In addition, we found
no significant main effect of eccentricity in the one-way
ANOVA for the percent signal change in V1, V2, and V3

(Vl, F3,56 = 0.14, P = 0.93; V2, F3,56 = 082, P = 0.49; V3,
F3,56 = 1.35, P= 0.27).

We assessed the split-half reliability of the percent signal
change during the auditory condition in the visual cortical
ROIs (Fig. 5C). We found significant correlations between
odd and even blocks in all eccentricity ROIs in V1, V2 and V3
(V1: Fov, r = 0.82, P < 0.001, Mid, » = 0.77, P = 0.001, Peri,
r = 0.78, P < 0.001, Far, r = 0.88, P < 0.001; V2: Fov, r =
0.80, P < 0.001, Mid, r = 0.65, P = 0.009, Peri, r = 0.66, P =
0.007, Far, r = 0.77, P < 0.001; V3: Fov, r = 0.78, P < 0.001,
Mid, r = 0.69, P = 0.004, Peri, r = 0.75, P = 0.001, Far, r =
0.84, P < 0.001). These results suggest that large individual
variations may reflect reproducible individual differences,
rather than measurement noise or limited data quality.

Taken together, we found that the cross-modal NBR in the
visual cortex was present in some subjects but not in others.
This large individual difference was consistent between odd
and even blocks.

DISCUSSION

We evaluated the cross-modal NBR in human subcortical
and cortical regions by analyzing 7 T fMRI data during audi-
tory and visual conditions. We did not find evidence of
cross-modal NBR in the subcortical ROIs (MGN and LGN;
Fig. 2). In contrast, in Al, we found a significant cross-modal
NBR during the visual condition (Fig. 4). Importantly, we
observed cross-modal NBR in both the ipsilateral and contra-
lateral hemispheres with respect to visual stimulation.
Finally, we found that the BOLD responses in the visual cor-
tex during the auditory condition exhibited large individual
differences, resulting in a lack of statistical evidence for
cross-modal NBR at the group level (Fig. 5).

No Statistical Evidence of Cross-Modal NBR in the
Subcortex

We did not find any significant evidence of cross-modal
NBR in the MGN or the LGN (Fig. 2). These results are unlikely
to be explained by mislocalization between the ROIs and fMRI
data, as we observed clear positive BOLD responses in these
ROIs evoked by stimuli of the corresponding sensory modality.

Physiological studies on macaques and rodents have dem-
onstrated the existence of inhibitory input to the MGN and
LGN from other subcortical nuclei, such as the thalamic
reticular nucleus, as well as evidence of neural response
inhibition when a stimulus in a different sensory modality is

Figure 3. Positive blood oxygenation level-dependent (BOLD) evoked by sensory stimuli is confirmed in the early auditory and visual cortex. A: positive
BOLD response to auditory stimuli in the primary auditory cortex (A1) of a representative subject. Top: the location of the Al region of interest (ROI) is
shown by a white contour on the cortical surface (left). The dotted rectangle depicts regions magnified in the middle and right. Colored areas in the mid-
dle and right represent the t value of positive BOLD responses to auditory stimuli in the A1ROI of each hemisphere. Bottom left. The time course of the
BOLD response in the A1 when auditory stimuli were presented to the ears contralateral to ROIls. The vertical axis represents the percent signal change.
The horizontal axis represents the time from stimulus onset (O represents stimulus onset time, whereas the gray shaded area represents the stimulus
block). The thick blue line represents the percent signal change averaged across all subjects, whereas the shadowed area represents +1 SE across sub-
jects. Bottom middle and right: violin plots of the percent signal change when auditory stimuli were presented to the ears ipsilateral or contralateral to
the ROI (middle and right, respectively). B: positive BOLD response to visual stimuli in the primary visual cortex (V1) of a representative subject. Upper:
the location of the V1ROl is shown by a white contour on the cortical surface (/eft). The borders between V1 ROIs determined based on eccentricity (Fov,
0-2.1°; Mid, 2.1-5.3°; Peri, 5.3-20°; Far, 20-80°) are shown by white dotted lines. Colored areas in the middle and right depict the t values of positive
(red) and negative BOLD responses (blue) to visual stimuli in the V1 ROI of each hemisphere (middle, ipsilateral; right, contralateral). Bottom left. The time
course of the BOLD response in the V1 when visual stimuli were presented in the visual field contralateral to the ROI. Colored curves represent the
course in each ROI (orange, Fov; red, Mid; purple, Peri; green, Far). Positive BOLD responses were observed in ROIs corresponding to the eccentricity of
the visual stimulus. Bottom middle and right: violin plots of the percent signal change when visual stimuli were presented to visual fields ipsilateral (mid-
dle) or contralateral to the ROI (right). Conventions used in violin plots are identical to those used in Fig. 2, B and C. Asterisks indicate significant differ-
ence in the percent signal change from zero: *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 4. Cross-modal negative blood oxygenation level-
dependent (BOLD) responses in the auditory cortex (A1).
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A, left: the location of the primary auditory cortex (A1) region
of interest (ROI) (left hemisphere) is shown by a white contour
on the cortical surface of a representative subject. The dotted
rectangle depicts regions magnified in the right panel.
Middle and right: the cross-modal negative BOLD response
(NBR) to visual stimuli in the A1 ROI. Colored (blue) regions
depict the t value of negative BOLD responses to visual stim-
uli in the A1ROI of each hemisphere (middle, ipsilateral; right,
contralateral). B: time course of the BOLD response in the
ipsilateral and contralateral Al. C: the violin plot of the percent
signal change in the ipsilateral and contralateral hemi-
spheres. Cross-modal negative BOLD was similar between
the ipsilateral and contralateral hemispheres. Asterisks indi-
cate statistically significant difference in the percent signal
change from zero: *P < 0.05, **P < 0.01. D: reproducibility
of BOLD response to the visual stimuli in the A1l. Each dot rep-
resents data from each subject, with the horizontal axis show-
ing the mean percent signal change in odd blocks and the
vertical axis showing that in even blocks. Split-half reliability
(Pearson correlation between the odd and even blocks) was
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presented (45-47; see Ref. 48 for a review on the LGN). Given
these findings, it is plausible that cross-modal suppression
occurs in the human MGN and LGN. Although speculative,
we have several hypotheses as to why we did not find sup-
port for cross-modal NBR in the MGN and LGN. First, cross-
modal NBR may be present in the human subcortex with a
smaller amplitude, but we may have failed to identify it due
to the limited signal-to-noise ratio. However, given the
robust cross-modal NBR in A1 (Fig. 4), any subcortical cross-
modal NBR, if present, may be comparatively weaker.
Second, considering the complex nature of NBR, BOLD
responses receive different effects from inhibitory inputs
compared with electrophysiological measurements (49, 50).
If this is the case, cross-modal suppression may be more
readily detectable using electrophysiological measurements
in humans, such as intracranial electroencephalography.
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Third, the MGN and LGN have complex anatomical circuitry
with respect to other brain regions, with both excitatory and
inhibitory connections. For example, the LGN receives inputs
from the pedunculopontine tegmental nucleus (51), which
regulates the capacity of the LGN to process incoming sensory
information for task execution (52, 53). The BOLD response
may also be influenced by task-related signals, potentially
masking cross-modal NBR. Resolving these hypotheses will
require further investigation using improved fMRI techniques
with higher signal specificity or by combining fMRI and elec-
trophysiological measurements.

Presence of Cross-Modal NBR in the Auditory Cortex
Irrespective of Stimulated Visual Fields

In Al, we found a significant cross-modal NBR in both hemi-
spheres regardless of the stimulated visual field (Fig. 4A). In
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Figure 5. Cross-modal blood oxygenation
level-dependent (BOLD) responses to the
auditory stimuli in the visual cortex (V1, V2,
and V3). A: surface view of the visual cortex
in the left hemisphere of a representative
subject. Left: a white contour on the cortical
surface indicates the locations of the V1, V2,
and V3 ROIs. The borders between regions
of interest (ROIs) determined based on
eccentricity (Fov, 0-2.1°; Mid, 2.1-5.3°; Peri,
5.3-20°; Far, 20-80°) are shown by white
dotted lines. The dotted rectangle depicts
regions magnified in the right. Middle and
right: BOLD responses to auditory stimuli in
visual ROIs. The colored areas depict the
t values of positive (red) and negative BOLD
responses (blue) to auditory stimuli in the V1,
V2, and V3 ROIs of each hemisphere (middle,
ipsilateral; right, contralateral). B, left: time
course of the BOLD response in V1 (top), V2
(middle), and V3 (bottom). Right: violin plot of
the percent signal change. Both time courses
and violin plots represent the average across
the two hemispheres. C: reproducibility of
cross-modal BOLD responses to the auditory
stimuli in the visual cortex (left, V1; middle,
V2; right, V3). Each dot represents data from
each subject, with the colors indicating the
eccentricity-based ROIs. The horizontal axis
shows the mean percent signal change in
odd blocks, and the vertical axis shows that in
even blocks. The split-half reliability was calcu-
lated using Pearson’s correlation coefficient.
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addition, the time courses of BOLD responses were similar
between the hemispheres, ipsilateral and contralateral to the
stimulated visual field. This result indicates that the cross-
modal NBR in Al is not an epiphenomenon of the positive
BOLD response in the visual cortex, which is predominant in
the hemisphere contralateral to the stimulated visual field
(Fig. 3B). Therefore, the cross-modal NBR is more likely to
reflect interhemispheric suppression, rather than mechanisms
coordinated within the hemisphere. This result is consistent
with a recent fMRI study (14) that reported a cross-modal NBR
in the bilateral auditory cortex, despite visual stimulation
being restricted to the right visual field.

Notably, previous studies have discussed the possibility
that NBR can be explained by the blood-stealing effect, in
which increased blood flow to one brain region can reduce
blood flow to other areas, leading to NBR without direct neu-
ral suppression (50, 54-56). However, this hypothesis was
originally proposed to explain the NBR in visual cortex
regions representing the nonstimulated visual field, which lie
adjacent to regions showing positive BOLD responses (50, 57).
Given the large spatial distance between the auditory and vis-
ual cortices, the blood-stealing effect is unlikely to account
for the cross-modal NBR observed in Al. Furthermore,
because the left and right hemispheres have largely inde-
pendent blood supplies, as discussed by Smith et al. (49), our
results suggest that the cross-modal NBR in Al is more plausi-
bly driven by the suppression of neural activity than by
blood-stealing, at least in the auditory cortex.

The idea that the cross-modal NBR in the auditory cortex
may reflect neural suppression rather than blood-stealing is
also consistent with observation from a previous animal
study (58). In this study, the response of the auditory cortex
of the guinea pig brain to visual stimuli was measured using
optical imaging with a voltage-sensitive dye that reflects
changes in the membrane potential. The authors found that
the auditory cortex exhibited suppression of neural activity
during visual stimulation, consistent with the idea that
cross-modal suppression can be observed electrophysiologi-
cally in the auditory cortex.

BOLD Responses in the Visual Cortex during the
Auditory Condition

We did not find a significant cross-modal NBR in the visual
cortex because, unlike the auditory cortex, the time course as
well as the percent signal change of the BOLD response was
inconsistent across subjects (Fig. 5). Since the BOLD response
exhibited considerable split-half reproducibility across sub-
jects, these results may reflect genuine individual differences,
with only some subjects showing robust cross-modal NBR in
the visual cortex.

Although reproducible, this individual variability requires
caution when interpreting its functional relevance. For exam-
ple, these individual differences may reflect individual vari-
ability in hemodynamic responses rather than representing
meaningful individual differences at the neuronal level. If this
is the case, the observed individual differences may reflect vas-
cular characteristics in the visual cortex rather than differen-
ces in neural information processing. Moreover, although the
subjects were instructed to maintain fixation during the audi-
tory condition, individual differences in microsaccades and

J Neurophysiol « doi:10.1152/jn.00396.2025

blink frequency, both of which affect BOLD responses in the
visual cortex (59), may also explain the observed variability.
Therefore, the extent to which the individual variability of the
cross-modal NBR in the visual cortex reflects differences in
auditory-driven suppression of visual processing must be care-
fully examined in future studies, considering these confound-
ing factors. Nonetheless, a rodent study supported the
relationship between neural suppression in the visual cortex
caused by auditory stimuli and behavior (60).

Limitations and Future Directions

Our study has several limitations. First, our 7 T MRI setup
has a size restriction for the visual stimulus presentation owing
to the head coil setup, resulting in a relatively narrow range of
eccentricity that can be stimulated. This may have restricted
both the size of the activated cortical regions and the magni-
tude of the evoked BOLD responses. However, we observed a
robust cross-modal NBR in the auditory cortex (Fig. 4), suggest-
ing that even stimulation limited to relatively foveal visual
fields can be sufficient to evoke cross-modal NBR. Second,
although we used a stimulus typically used for sensory fMRI
experiments (5, 17), we could not test all types of stimuli owing
to constraints on the scan time for human subjects. Although
our auditory stimuli elicited a clear positive BOLD response in
Al (Fig. 3A), different types of auditory stimuli may evoke a
more robust cross-modal NBR in the visual cortex. Third, we
only tested conventional BOLD measurements with a relatively
coarse voxel size (1.6 mm) to achieve a higher signal-to-noise
ratio. Future studies using pulse sequences with greater speci-
ficity to local signals and measurements with higher spatial
resolution may offer deeper insights into the laminar profiles
of cross-modal NBR in the auditory and visual cortices (61-63).

Finally, because our study focused on healthy adults, the
current observations may not be generalizable to other popu-
lations, such as children and older adults. Previous studies
have demonstrated that the amplitudes of cross-modal NBR
differ across age groups (13). In addition, cross-modal BOLD
responses are expected to differ substantially in clinical pop-
ulations, as previous studies have demonstrated that the vis-
ual cortex exhibits a positive response to auditory and tactile
stimuli in patients with macular degeneration or blindness
(3, 5). Therefore, a direct comparison between healthy and
clinical populations with visual or auditory disorders would
clarify how cross-modal BOLD responses depend on the
presence of bottom-up sensory input.

Conclusions

In conclusion, we found a significant cross-modal NBR in
the bilateral auditory cortex, regardless of the stimulated vis-
ual field. These results suggest that the cross-modal NBR in
the auditory cortex is not a simple epiphenomenon of the posi-
tive BOLD response in the visual cortex of the hemisphere con-
tralateral to the visual stimuli. However, we did not observe a
significant cross-modal NBR in the sensory subcortex and vis-
ual cortex. The lack of group-level statistical evidence for
cross-modal NBR in the visual cortex can be explained by large
individual differences. These results suggest that the cross-
modal NBR in the auditory cortex may more likely reflect an
interhemispheric suppression mechanism rather than sup-
pression coordinated within the same hemisphere.
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The anonymized data required for replicating figures and statis-
tical analysis are publicly available in the public repository (https://
github.com/OkazakiTakemuralLab/CrossmodalNBRfMRI).
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Supplemental Figs. S1-S3: https://doi.org/10.5281/zenodo.
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