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Abstract

Sensory gating (SG) is a protective mechanism that prevents sensory overload by attenuating
neural responses to repeated stimuli while allowing allocation of neural resources to salient
inputs. While studies using conventional, cryogenic magnetoencephalography (MEG) have
provided a foundational understanding of the neurophysiological spectro-temporal profile of
sensory gating in somatosensory cortices, its utility in diverse populations is constrained by
technical limitations, including movement restriction and a one-size-fits-all helmet design. Recent
developments in optically pumped magnetometry (OPM) aim to overcome these constraints by
providing greater tolerance to movement and customizable helmet sizes. A small number of
studies have documented the reliability of OPM in mapping somatosensory responses to median
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nerve stimulation using OPM; however, none have examined SG. In this study, we utilized a

whole-head 128-channel OPM system and a paired-pulse median nerve stimulation paradigm to
examine somato-SG and map the precise spectro-temporal cortical dynamics in a group of 31

healthy adults. Neural responses per stimulation were imaged in both the time-frequency and

time domains, and voxel time series data were extracted to quantify the dynamics of somato-SG.

Robust gating effects were observed in the peak and average neural responses within the primary

somatosensory cortices, in both the oscillatory and time domains. These findings underscore

Keywords

1.

OPM’s ability to precisely resolve the spatiotemporal neural dynamics of somato-SG and stress
the utility of OPM in examining somatosensory processes across developmental trajectories
extending down to infants, as well as in clinical populations.

Gamma; Theta; Virtual sensor; Beamformer; SLORETA

Introduction

Sensory gating (SG) is an extensively studied neural phenomenon that entails filtering
redundant sensory inputs to facilitate efficient neural processing. It is typically assessed
using a paired-pulse stimulation paradigm whereby two identical stimuli are presented in
rapid succession, and the magnitude of the neural response to the second stimulus (S2: test)
is significantly suppressed relative to the first stimulus (S1: conditioning); this is thought to
reflect functional habituation- inhibition (Adler et al., 1993, 1992, 1982; Cromwell et al.,
2008; Franks et al., 1983; Poon and Young, 2006). SG is thus a fundamental regulatory
process that not only protects the brain against information overload but also directs the
utilization of limited neural resources toward salient and novel stimuli. Understanding SG
is crucial given its relevance for a range of neuropsychiatric and neurological disorders
(Grunwald et al., 2003), with disruptions indicative of atypical sensory processing (e.g.,
hyper- or hypo-sensitivity (Lee and Syu, 2024; Patil and Kaple, 2023). It has been

studied across multiple sensory modalities, including visual (Gawne et al., 2011), auditory
(Grunwald et al., 2003; Jones et al., 2016), and somatosensory domains (Huttunen et

al., 2008; Stevenson et al., 2012; Wiesman et al., 2017) in healthy as well as clinical
populations. Examining neural correlates of SG across all the aforementioned modalities
further our understanding of how neural inhibitory processes operate across functional
domains and modality-specific marks of sensory dysfunction. Additionally, both evoked
(i.e., phase-locked) and oscillatory characteristics of the associated responses have been
widely studied using conventional cryogenic magnetoencephalography (MEG; Arif et al.,
2021; Casagrande et al., 2021; Heinrichs-Graham et al., 2023; Pesonen et al., 2023;
Proskovec et al., 2020; Spooner et al., 2018, 2019, 2020, 2021b, 2021a; Wiesman et al.,
2017, 2021). Given its fine temporal and spatial precision, MEG serves as a valuable tool in
accurately resolving neural activity underlying sensory and cognitive processes in real time
and is ideal for capturing the temporal dynamics inherent in somato-SG.

Recent advances in biomagnetism, particularly the advent of optically pumped
magnetometry (OPM), have made it possible to harness the strengths of MEG while
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addressing some of its technical challenges. For instance, to operate effectively, the
superconducting quantum interference devices (SQUIDSs) in conventional MEG systems
require extremely low temperatures (approx. =270 °C) maintained using liquid helium
encapsulated within a large, rigid dewar, thus creating a minimal, best-case distance between
the sensor array and the scalp (approx. 2-4 cm). Because the magnetic field strength
associated with a given current decreases exponentially with distance, minimizing this
distance is essential and leads to improvements in the signal-to-noise ratio (SNR) of the
resulting brain signals. While a distance of 2—4 cm between the cortex and the MEG sensor
array is possible in some adults, this distance is frequently much larger in pediatric samples
due to their smaller head size and shorter neck (i.e., the bottom of the helmet often hits

the shoulders before the top of the head reaches the top of the helmet). Furthermore, the
fixed sensor array design of cryogenic MEG does not allow for movement, limiting its use
in some clinical and pediatric populations. In contrast, OPM sensors can rest on the scalp
within customized helmets (i.e., tailored to different head sizes, age ranges, etc.) that are
placed on the participant’s head, and this allows for movement and facilitates recording in a
more naturalistic manner, thereby enhancing its translational applicability (Boto et al., 2017;
Brickwedde et al., 2024; Brookes et al., 2022). However, OPM is a nascent technology, and
replication of MEG findings using OPM is crucial for establishing its reliability.

To date, only a few studies have utilized OPM with median nerve stimulation paradigms to
capture neural responses and map their origins to the somatosensory cortices using various
source imaging/localization approaches. For example, Boto et al. simulated a multi-channel
array by using 13 sequential placements of a single-channel OPM over the somatosensory
cortex to investigate responses underlying median nerve stimulation and demonstrated
localization of the evoked response (N20) reliably to the somatosensory region using a
dipole model (Boto et al., 2017). A subsequent study replicated these findings using a
20-channel OPM in three participants (Borna et al., 2020). Finally, one recent study using a
28-channel OPM system in seven healthy adults and another study using a 32-channel unit
in four participants reported both time-domain and time-frequency domain somatosensory
responses and mapped their cortical origins, with the latter highlighting differences in the
phase synchronization between rhythmic and arrhythmic stimulation of the median nerve
(Anetal., 2022; Ma et al., 2024). While these studies have provided critical insights,

they were limited by small sample sizes and a lack of whole-head coverage. Moreover,

none of these studies investigated somatosensory gating, which is an important next step
considering its critical role in assessing the functional integrity of the somatosensory system,
as disruptions in gating have been linked to sensory deficits relevant to multiple neurological
and psychiatric conditions (Arif et al., 2021; Casagrande et al., 2022; Kurz et al., 2018;
Pesonen et al., 2023; Spooner et al., 2020, 2018; Thoma et al., 2007; Trevarrow et al., 2022;
Wiesman et al., 2021). In the current study, we utilized an OPM system with 128 channels
and a paired-pulse median nerve stimulation paradigm to quantify somato-SG responses and
spatially map their precise spectro-temporal dynamics in 31 healthy adults. Our primary
hypothesis was that our paired-pulse paradigm would elicit evoked and induced oscillatory
somatosensory responses that would be reliably detected and characterized using OPM,

and that we would see significant somato-SG dynamics (e.g., significant suppression of
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response power to S2 relative to S1), in line with findings observed in studies using the same
paradigm in the context of cryogenic MEG.

2. Methods

2.1. Participants

Thirty-one right-handed healthy adults (15 females) aged 20-35 years (M= 26.72 years, SD
= 4.35) were enrolled from the local community. Exclusionary criteria included any medical
illness affecting the CNS, any neurologic or psychiatric disorder, history of head trauma,
current substance misuse, and standard OPM exclusion criteria (e.g., dental braces, battery-
operated implants, and/or any type of ferromagnetic implanted material). The Institutional
Review Board (IRB) at Boys Town National Research Hospital approved the study and
written informed consent was obtained from each participant after a full description of the
study; all protocols were in accordance with the Declaration of Helsinki.

2.2. Experimental paradigm

Prior to OPM recording, participants were seated with their eyes closed in a non-magnetic
chair with the whole-head OPM sensor array positioned on their head. Electrical stimulation
was applied to the left median nerve using external cutaneous stimulators connected to a
Digitimer DS7A constant-current stimulator system (Digitimer Ltd, Garden City, UK). For
each participant, we collected at least 80 paired-pulse trials with an inter-stimulus interval
of 500 ms and an inter-pair interval that randomly varied between 4500 and 4800 ms (Fig.
1A). Each pulse generated a 0.2 ms constant-current square wave that was set to a limit of
approximately 10 % above the threshold required to elicit a subtle twitch of the thumb. Total
OPM recording time was approximately 7 min per participant.

2.3. OPM data acquisition

The OPM data were collected using a 128-channel (i.e., 64 dual-axis units) magnetometer
system equipped with third-generation Qu-Spin sensors (QuSpin, Inc., Louisville, Colorado,
USA,; Cerca Magnetics Limited, Nottingham, UK). Neuromagnetic data were sampled
continuously at 1.2 kHz using a 0.1-400 Hz acquisition passband. All recordings were
completed in a magnetically shielded room (MSR; MuRoom®, Magnetic Shields Limited,
Staplehurst, England, UK) equipped with an array of field-nulling coils. The whole-head
OPM array was configured using custom 3D-printed helmets. For this study of young adults,
we used two adult-size helmets with equivalent inter-sensor spacing (i.e., spatial frequency
sampling); 13 participants wore the larger helmet and 18 wore the smaller helmet, with
helmet selection being based on head circumference. Prior to recording, participants were
seated in the OPM chair and the door to the MSR was closed. The MSR was then degaussed
and the nulling coils were energized to ensure minimal gradients in a 1 m? cube surrounding
the OPM helmet (Holmes et al., 2023). The residual field within the nulling cube was
measured continuously using two triaxial OPM sensors positioned equally spaced to the left
and right of the participant at the height of the cortical array. Participants were monitored
throughout OPM data acquisition via real-time audio-visual feeds from inside the shielded
room. After the recording, OPM data from each participant was subjected to global noise
reduction using homogenous field correction (HFC; Tierney et al., 2021). Any channels that
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were defined as “bad” (i.e., noisy or dead channels) were removed from the dataset before
applying HFC.

2.4. MRI data acquisition

Individual structural MRI data were obtained with a 3T Siemens Prisma MRI scanner using
a 32-channel head coil and the following parameters: TR: 2400 ms; TE: 2.05 ms; field of
view: 256 mm; matrix: 256 x 256; slice thickness: 1 mm; voxel size: 1.0 x 1.0 x 1.0 mm;
acquisition plane: sagittal; flip angle: 8 degrees. Structural MRI data were aligned parallel to
the anterior and posterior commissures, segmented, and transformed into standardized space.
After source analysis, each participant’s functional images were transformed into the same
standardized space using the transform applied to the structural MRI volume.

2.5. OPM coregistration & structural MRI processing

Once the helmet was positioned for OPM recording, the participant’s head, including their
face, fiducial marks, and the helmet were digitally captured using a 3D optical imaging
system (EinScan H, SHINING 3D, Hangzhou, China). This spatial information was used
during post-processing for coregistration with structural MRI. Briefly, the 3D digital scan

of the participant’s head wearing the helmet was coregistered to both the person’s MRI

data using three fiducial points (i.e., nasion, left and right zygomatic bone) and a 3D
rendering of the helmet geometry. In both coregistration steps (i.e., coregistration with MRI
and coregistration with helmet geometry), the key registration points were highlighted by
markers in the optical scan to help ensure the correct spatial points were precisely located
and utilized. Since the geometry of the helmet, including the location and angle of each
inherent sensor holder, was precisely known based on the CAD file used for 3D printing, the
location and orientation of each magnetic sensor could be derived. Once the OPM helmet
and MRI data were coregistered, a transformation matrix was computed to transform the
precise sensor locations/orientations into the participant’s head space coordinates. With this
coordinate system (including skin surface points derived from the aforementioned 3D optical
scan), each participant’s OPM data were coregistered with their structural MRI prior to
source space analyses using BESA MRI (V3.0, BESA GmbH, Gréfelfing, Germany).

2.6. OPM data pre-processing and sensor-level statistics

Cardiac artifacts were removed from the data using signal-space projection (SSP), which
was accounted for during source reconstruction (Uusitalo and IImoniemi, 1997). Channels
exhibiting excessively high amplitude and/or gradient values, inconsistent with neural data,
were identified and excluded A low-cutoff filter (0.5 Hz, zero-phase, 12 dB/oct slope),

a high-cutoff filter (110 Hz, zero-phase, 24 dB/oct slope), and a notch filter (60 Hz, 2

Hz width) were applied to the data. The continuous magnetic time series was divided

into epochs of 3700 ms duration, with 0 ms defined as the onset of the first stimulation

and the baseline being the —700 to —300 ms time window. Epochs containing artifacts
were rejected based on a fixed threshold method, supplemented with visual inspection. On
average, 73 trials per participant were used for further analysis. An individually determined
threshold based on the signal distribution for both signal amplitude and gradient was used
to reject artifacts. Across all participants, the average amplitude threshold was 33,306.45
(SD =10,866.37) fT/cm and the average gradient threshold was 5883.87 (SD = 4757.25)
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fT/(cm*ms). Across participants, an average of 73 (SD = 2.91) trials were used for further
analysis.

For the time-frequency analysis, we transformed the post-artifact-rejection epochs into the
time-frequency domain using complex demodulation (Kovach and Gander, 2016; Papp and
Ktonas, 1977), and the resulting spectral power estimations per sensor were averaged over
trials to generate time-frequency plots of mean spectral density (5 Hz, 10 ms; range:
10-100 Hz). Given the findings of significant gating at lower frequencies (Wiesman and
Wilson, 2020), we also conducted an analysis targeting these oscillations (1 Hz, 50 ms;
range: 4-20 Hz). In each case, these sensor-level data were normalized per time-frequency
bin using the respective bin’s baseline power, which was calculated as the mean power
during the =700 to —300 ms time period. The time-frequency windows used for source
analysis were determined by statistical analysis of the sensor-level spectrograms across the
entire array of magnetometers. Each data point in the spectrograms was initially evaluated
using a mass univariate approach based on the general linear model. To reduce the risk

of false positive results while maintaining reasonable sensitivity, a two-stage procedure
was followed to control for Type 1 error. In the first stage, paired-sample #tests were
conducted to test for differences between the mean baseline per frequency bin and each
data point in the spectrogram following stimulus onset, and the output spectrogram of
t-values was thresholded at p < .05 to define time-frequency bins containing potentially
significant oscillatory responses across all participants. In stage two, the time-frequency
bins that survived the threshold were clustered with temporally and/or spatially neighboring
bins that were also above the threshold, and a cluster value was derived by summing all

of the t-values of all data points in the cluster. Nonparametric permutation testing was then
used to derive a distribution of cluster values, and the significance level of the observed
clusters (from stage one) were tested directly using this distribution (Ernst, 2004; Maris
and Oostenveld, 2007). For each comparison, 1000 permutations were computed to build
a distribution of cluster values. Based on these analyses, the time-frequency windows

that contained significant oscillatory events across all participants were subjected to a
beamforming analysis.

To investigate the evoked responses commonly associated with somatosensory processing,
the same artifact-free epochs were averaged across trials to generate a mean time series
per sensor, and the specific time windows used for subsequent source analysis were again
determined by means of a paired-sample cluster-based permutation test against baseline
across all participants. For each comparison, 1000 permutations were computed to build

a distribution of cluster values, and the time windows of time-domain evoked data that
were non-exchangeable with baseline (p < .05) across all participants, according to these
permutation analyses, were used to guide subsequent source-level analysis of the time
domain signals.

2.7. OPM source analysis and statistics

Time-frequency resolved beamformer source images were computed using the dynamic
imaging of coherent sources (DICS; regularization: singular value decomposition 0.0001 %;
Gross et al., 2001) approach, which applies spatial filters in the time-frequency domain to
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calculate voxel-wise power for the entire brain volume. The single images were derived
from the cross-spectral densities of all combinations of magnetometers averaged over

the time-frequency range of interest and the solution of the forward problem for each
location on a grid specified by input voxel space. Following convention, we computed
noise-normalized source power for each voxel per participant using active (i.e., task) and
passive (i.e., baseline) periods of equal duration and bandwidth (Hillebrand et al., 2005) at
a resolution of 4.0 x 4.0 x 4.0 mm. Such images are typically referred to as pseudo-t maps,
with units (pseudo-t) that reflect noise-normalized power differences (i.e., active versus
passive) per voxel. OPM pre-processing and imaging used the BESA research (version 7.1)
software.

Images for the significant time-frequency window around each stimulation were computed
separately per participant and then grand-averaged across both stimulations and all
participants. Voxel time-series data (i.e., “virtual sensors”) were then extracted from each
participant’s data using the peak voxel in these grand-averaged beamformer images. To
compute the virtual sensors, we applied the sensor weighting matrix derived through the
forward computation to the preprocessed signal vector, which yielded a time series for the
specific coordinate in source space.

Note that virtual sensor extraction was done per participant once the coordinates of interest
were known. Once the virtual sensor time series were extracted, we computed the envelope
of the spectral power in the frequency bin that was used in the beamforming analysis.

From this time series, we computed the relative (i.e., baseline-corrected) time series of each
participant.

Time domain source images were computed using standardized low-resolution brain
electromagnetic tomography (SLORETA; regularization: Tikhonov 0.01 %; Pascual-Marqui,
2002). The resulting whole-brain maps were 4-dimensional estimates of current density

per voxel, per time sample across the experimental epoch. These data were normalized to
the sum of the noise covariance and theoretical signal covariance, and thus the units are
arbitrary. Using the temporal clusters identified in the sensor-level analysis, these maps
were averaged over time following each somatosensory stimulation and then grand-averaged
across the two stimulations to determine the peak voxel of the time-domain neural response
to the stimuli across all participants. From this peak, the SLORETA units were extracted per
stimulation to derive estimates of the time-domain response amplitude for each participant.

3. Results

3.1. Oscillatory and virtual sensor analyses

We initially focused on the time-frequency transformed OPM data and found significant
increases relative to baseline in many sensors near the sensorimotor and parietal regions
from about 10 Hz to 90 Hz during the first 100 ms after the onset of each stimulation

(p < .001 corrected; Fig. 1B). To evaluate the dynamics and remain consistent with the
traditional gamma band, we focused our beamformer analyses on the 30-75 Hz frequency
range and utilized two 50 ms time intervals in which the neural response to stimulation was
the strongest (0-50 ms and 500-550 ms). These time-frequency windows were imaged using
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a beamforming approach, which revealed virtually identical locations in the contralateral
somatosensory hand region for both the first and second stimulations (i.e., neighboring
voxels that shared an edge; Fig. 1C). Next, we grand-averaged the beamformer images
across both stimulations and all participants and then extracted the voxel time-series data for
each participant from the peak voxel coordinates in this grand-averaged map and conducted
time-frequency analyses on these voxel time series. Specifically, we computed the power
envelope for the band of interest (30-75 Hz) in relative (i.e., baseline-corrected) units.

The relative peak power and the average power across the beamformer time windows used
for the first (0-50 ms) and second stimulations (500-550 ms) were then probed using
two-tailed, paired-sample #tests. These tests indicated a significant decrease of 12.05 % in
the peak power response (= 3.131, p=.004) and a decrease of 9.12 % in the averaged
response (¢=2.535, p=.017) to S2 relative to S1 (Fig. 2).

Although far less common in the MEG somatosensory gating literature, given the findings
of (Wiesman and Wilson, 2020), we also probed whether gating was observed in lower
frequency responses. Our data indicated sensor-level responses in the theta and alpha ranges
(0 < .001 corrected). Consistent with the analysis focusing on gamma responses, we imaged
the two theta responses (4-8 Hz; 0-250 ms and 500-750 ms) and the two alpha responses
(9-13 Hz; 150-450 ms and 650-950 ms) and then grand-averaged each to derive the peak
voxel. We observed significant gating in the theta range, but not for the alpha oscillations (p
> .50). For theta, two-tailed paired-samples #tests indicated a significant decrease of 37.42
% in the peak power response (= 7.657, p< .001 and a decrease of 41.42 % in the averaged
power response (£=7.978, p < .001) from the first (0—250 ms) to the second stimulations
(500-750 ms; Fig. 3).

3.2. Time-domain (evoked) analyses

Next, we examined the time-domain averaged data by first conducting paired #tests against
baseline across all participants and magnetometers to identify time periods of interest.
These analyses indicated sensor-level responses from 20-180 and 525-685 ms (p < .001
corrected), corresponding to responses to the first and second stimulation, respectively.
Next, we applied SLORETA to compute whole-brain images of the evoked responses in
each participant and then averaged these images within the time periods identified in

the sensor-level analysis. These images were then grand-averaged across both stimulation
periods and all participants to identify the peak voxel. Note that the peak voxels across the
two stimulation periods were identical. The time series of this peak voxel was then extracted.
Similar to the oscillatory responses, two-tailed paired-sample #tests were conducted on the
peak and average response amplitudes of the first (20-180 ms) and second stimulations
(525-685 ms). These tests indicated a significant mean decrease of 12.28 % in the peak
response (¢=4.147, p< .004) and a reduction of 16.78 % in the averaged response (#=
6.976, p<.001) to the S2 relative to the S1 (Fig. 4).

4. Discussion

In the present study, we utilized a whole-head OPM array to demonstrate SG in the
somatosensory cortices of healthy adults using paired-pulse median nerve stimulation. We
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specifically observed a reduction (i.e., gating effect) in both the peak and average responses
within the window of the second stimulation compared to the first, for both evoked and
gamma oscillatory responses. In addition, we probed lower frequency responses and found
significant gating in the theta range, but not for alpha oscillations, which is largely consistent
with the limited work examining such gating in lower frequency responses (Wiesman and
Wilson, 2020). These data are among the first to illustrate the potential of OPM to resolve
somatosensory SG responses, offering a promising tool to investigate sensory processing
deficits that have been shown in multiple clinical groups (Arif et al., 2021; Casagrande et
al., 2022; 2021; Spooner et al., 2020, 2018; Trevarrow et al., 2021; Wiesman et al., 2021).
Below, we discuss the implications of these findings for future work in clinical-translational
settings.

Somatosensory processing deficits often co-exist with movement disorders due to direct
synaptic connections and the convergence of anatomical and functional pathways (Imai
etal., 2016). SG impairments and/or somatosensory processing deficits have also been
reported in a myriad of disorders or diseases that also present with motor dysfunction,
including but not limited to cerebral palsy (Kurz et al., 2018; Trevarrow et al., 2022; 2021),
attention-deficit/hyperactivity disorder (ADHD; Frost-Karlsson et al., 2024; Micoulaud-
Franchi et al., 2019; Schulze et al., 2020), autism spectrum disorder (Crasta et al., 2021;
Schulz et al., 2023), Tourette syndrome (Houghton et al., 2014), schizophrenia (Thoma

et al., 2007), traumatic brain injury/stroke (Staines et al., 2002), multiple sclerosis (Arpin
etal., 2017), Parkinson’s and Huntington’s disease (Boecker et al., 1999). Investigating

the underlying neural origins of deficits reliably has historically been very challenging, as
participants with neurodevelopmental disabilities frequently have difficulties remaining still,
while those with age-related neurological disorders generally exhibit more symptoms (e.g.,
excessive motor restlessness, involuntary movements) with increased severity. The inherent
constraints of conventional cryogenic MEG have often limited discovery in many of these
affected populations, as participant motion has a major impact on data quality. Further, the
one-size-fits-all fixed helmet design has also hampered pediatric research using cryogenic
MEG, as the distance between the brain and the MEG sensors in very young children

and infants is often so far that the SNR of the measurements is limited, making source
reconstruction of the resulting data unreliable.

Although electroencephalography (EEG) has been a long-time mainstay for recording
neurophysiological data in patients and children, its limited spatial precision often puts it
at a disadvantage compared to MEG. In many ways, OPM technology harnesses the best
of both methods, as it circumvents the fixed array and motion problems of MEG by using
an adaptable helmet design that is worn and thus allows greater tolerance to movement
while also allowing the sensors to be directly placed on the scalp. Further, it overcomes the
limitations of EEG in terms of spatial precision and sensitivity to higher frequency neural
responses by measuring the magnetic component of the electrical fields, which is far less
impacted by the skull and other intervening tissues. Thus, OPM has immense potential and
may ultimately enhance our understanding of many different neuropathologies and help
track disease progression by observing how somatosensory deficits evolve over time, which,
in turn, could pave the way for more targeted therapeutic interventions. Additionally, OPM
may offer unique insight into neurotypical and neurodiverse developmental trajectories by
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enabling a much broader population to be accurately studied with advanced neuroimaging
methods. The novel flexibility of OPM will also help advance ecologically valid
neuroscience research by enabling neural responses to be captured in real-life settings such
as social interactions, parent-child dynamics, and engagement in virtual or augmented reality
simulations (Roberts et al., 2019).

To summarize, we used a novel OPM array to quantify oscillatory and evoked SG neural
responses in healthy young adults. Our results demonstrate somato-SG for the first time
using OPM and replicate several key SG observations from the MEG literature. Thus,

our data not only support previous OPM reports that mapped somatosensory neural
responses, but also extend this work by demonstrating significant SG. Despite the novelty
of this study, there were limitations and future OPM work would benefit by determining
whether the neural signatures of SG are modulated by attentional states, which has been
shown in previous MEG work (Wiesman and Wilson, 2020). In addition to basic sensory
processing, it is important to validate higher-order cognitive responses using OPM, as the
complex interplay between sensory and cognitive processes can have vital implications for
both health and disease. Thus, future studies should also harness higher-order cognitive
tasks, as it is possible that the larger neural signals measured from the scalp by OPM
could identify previously missed neural responses during working memaory, attention, and
executive function tasks. Another notable consideration is the use of individual-specific
MRIs for source reconstruction. While using individual MRIs improves spatial precision,
it may seem like a limitation to the applicability of OPM studies to traditionally “difficult-
to-scan’ populations. However, prior research has shown that the use of a template MRI
yields results that are highly comparable to those obtained using individual-specific MRIs
in SQUID-MEG studies (Holliday et al., 2003; Wiesman et al., 2020; 2019; Wiesman

and Wilson, 2020, 2019). As OPM technology continues to evolve, refinements such as
individualized helmets designed to fit each participant’s unique head size and geometry may
further advance the system’s accuracy in quantifying neural signals. Finally, extending this
work to clinical and pediatric populations, as well as exploring applications beyond the
sensory domain, is crucial to fully leverage the translational promise of OPM.
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Fig. 1.

(A?): Median Nerve stimulation paradigm: Each participant underwent somatosensory
paired-pulse stimulation (inter-stimulus interval (I1S1): 500 ms) of the median nerve of the
nondominant left hand, separated by an inter-pair interval (IPI) of 4650 + 150 ms. (B):
Time-frequency spectrogram: Time-frequency responses to somatosensory stimulation
from a sensor near the sensorimotor cortices, with time indicated in ms on the x-axis and
frequency in Hz on the y-axis. Stimulations occurred at 0 and 500 ms. The percent change
from baseline is indicated by the color bar to the right of the spectrogram. (C): Neural
responses in the primary somatosensory cortices: Beamformer images (pseudo-t) for
stimulation 1 (S1) and stimulation 2 (S2) with the group’s grand average on the top. Strong
increases in power were found in virtually identical areas of the contralateral hand region of
the somatosensory cortices across all participants. ISI; inter-stimulus interval, IPI; inter-pair
interval.
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Fig. 2.

Baseline-normalized (i.e., relative) power envelope for the 30-75 Hz band. (Top):
Time-frequency voxel time series revealed a significantly weaker response to the second
stimulation (S2) compared to the first (S1), indicative of significant somato-SG in all
participants. Relative power in percentage is shown on the y-axis with time in ms denoted
on the x-axis. Averaged beamformer functional images per stimulation are shown with

the respective neural responses. Time-domain average of the somatosensory response
(bottom): Time-domain voxel time series showed M20, M35, and M50 components of the
somatosensory responses with the amplitude (nAm) shown on the y-axis and time in ms on
the x-axis. *p < .05.
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Fig. 3. Baseline-normalized (i.e., relative) power envelope for the theta band (4-8 Hz).

The top-left panel shows the time-frequency spectrogram. The time-frequency voxel time

ser
the

ies revealed a significantly weaker response to the second stimulation (S2) compared to
first (S1), indicating robust somatosensory gating (somato-SG) across all participants.

The y-axis represents relative power (in%), and the x-axis denotes time (in ms). Note that

the

early increase in the time series (i.e., before 0 ms) is due to plotting the envelope of a

low frequency response (e.g., theta), which has a temporally smearing effect on the signal
power. Averaged beamformer functional images are shown for each stimulation, illustrating

the

corresponding neural responses. *** p<.001.

Neuroimage. Author manuscript; available in PMC 2025 September 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Arif et al.

Page 18
1200
1 - QO
., 000 <,’,\
3
I 8001
Q
s =
= 6001+ E
g
(8]
< 4001 u?
200+
| | 1 l 1 l l
T I I | I IQ IQ
() (S Q (N} () ()
» 4 > NS S S S
300~ 525-685ms
A Q
' O
2001
E I
) 100+
-]
-’
2 0+
[ 20-120ms I
5-1 00+ > !
N
-200-+
-300+
Q
»

Fig. 4.

Time-domain somatosensory gating response (top): The time-domain averaged data
across all participants extracted from the peak voxel of the grand-averaged SLORETA
images showed robust responses to each stimulation, with the second stimulation (S2)
being significantly weaker than the first (S1). The y-axis denotes amplitude in arbitrary
units, while time in ms is represented on the x-axis. The SLORETA functional images per
stimulation are shown with the neural responses. Event-related field (bottom): The time
domain averaged activity from a representative magnetometer (i.e., JV; encircled in the
topographic plots) is expressed in femto-Tesla (fT), with time in ms on the x-axis. The
sensor-level topographic images are shown S1 (20-180 ms) and S2 (525-685 ms). **p <
.005.
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