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1. Introduction
1.1 Human somatosensory system

The human somatosensory system is a neural network that processes sensations
of touch, pressure, temperature, pain, and proprioception (i.e., sensations of body
position and movement). This system enables humans to perceive changes in
both internal and external environments and respond accordingly(Purves et al.,

2019, Abraira et al., 2013).

Tactile perception is central to our research. Early studies used electrical
stimulation to simulate tactile sensations and generate clear somatosensory
evoked potentials (SEP) and fields (SEF), enhancing our understanding of neural
pathways and processes. However, electrical stimulation often causes discomfort
in participants, as it stimulates not only tactile but also pain and motor fibers.
Recent studies have explored pneumatic stimulation to better mimic natural touch.
Nevertheless, SEP or SEF from pneumatic stimulation typically exhibit less
distinct characteristics than those from electrical stimulation, prompting an
investigation into how the brain processes these stimuli differently(Nakamura et

al., 1998, Antonakakis et al., 2019, Bromm et al., 1998).

This study compared SEF under electrical and pneumatic stimulation conditions,
focusing on the axial and planar topography of the M20 and M37 components.
We aimed to reveal the brain's responses to different types of tactile stimuli. This
chapter will introduce fundamental concepts related to the somatosensory
system, SEP, and magnetoencephalography (MEG), all essential for

understanding this study.
1.1.1 Somatosensory pathways

In this study, we activated the somatosensory pathway using electrical and

pneumatic stimulation, focusing exclusively on non-painful tactile stimulation.



Non-painful tactile stimulation primarily follows the medial lemniscus pathway.
Receptors in the skin, muscles, and joints convert these stimuli into neural signals.
These signals propagate via peripheral nerves to the posterior horn of the spinal
cord (Cruccu et al., 2008, Kaas, 2004). After reaching the posterior horn,
somatosensory input ascends to the ipsilateral cuneate nucleus in the lower
brainstem. Here, the input crosses to the contralateral side of the body before
ascending to the thalamus and projecting to the primary somatosensory cortex

(SI) (Figure 1)(Kaas, 2004, Cruccu et al., 2008).
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Figure 1. The somatosensory pathway from peripheral receptors to the cerebral cortex is the
medial lemniscus (black line). This figure was made according to (Cruccu et al., 2008) and created
with Biorender.com.



1.1.2 Somatosensory cortex

In the human somatosensory system, the processing of tactile input involves a
complex process across multiple regions of the brain's cortex. The Sl, located
between the central sulcus and postcentral gyrus, is the initial site where tactile
signals reach the somatosensory cortex. Anatomically, Sl can be divided into four
subregions according to the Brodmann map: 3a, 3b, 1, and 2 (Figure 2), each
with distinct functions in the processing of somatosensory signals(Kaas, 2004,

Kallio, 2018).
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Figure 2. Anatomy of somatosensory cortex Sl (green area). Sl region is divided into four sub-
regions: 3a, 3b, 1, and 2. This figure was made according to (Purves, 2018) and created with
Biorender.com.

When tactile signals enter the Sl from the thalamus, they first reach Brodmann
area 3b. This area, located in the rostral part of the postcentral gyrus, directly

receives tactile signals from various parts of the body and performs initial



processing of signal intensity, timing, and frequency. Area 3a, adjacent to area
3b, integrates somatosensory and motor signals to control and coordinate body
movements(Kaas, 2004). Areas 1 and 2 engage in higher-level processing of
tactile properties, such as object texture, hardness, and shape. Additionally, area
2 is responsible for spatial perception and motor control functions, regulating
body posture and movement in space. Notably, the functional representation
within the Sl regions is not entirely independent but involves some overlap. The
interaction among these subregions enables Sl to process somatosensory

information thoroughly, thereby providing refined perceptual abilities.

The primary somatosensory cortex (Sl) is the initial station for processing tactile
basic properties such as intensity, location, and texture. This thesis focuses on
the differences in how stimuli are processed within the Sl region, particularly
through M20 and M37, which are commonly studied components of
somatosensory evoked fields (SEF). The next chapter will introduce the basics of

SEF and its application to tactile signal processing.
1.2 Somatosensory evoked fields
1.2.1 Somatosensory evoked fields

In the resting state, the brain spontaneously generates periodic neural
oscillations that regulate essential physiological functions. Following an external
stimulation or a task, the brain generates specific evoked responses, which can
be studied and recorded using event-related potentials or fields (ERP or ERF).
ERP or ERF is typically detected through EEG or MEG, widely utilized in
neuroscience research. This study focuses on somatosensory evoked
potentials/fields (SEP/SEF), a subset of ERP/ERF. SEP is commonly used in
clinical neurophysiology to assess the somatosensory system's conduction
velocity and pathway integrity, helping diagnose neurological disorders(Kallio,

2018, Leonardelli, 2010).



1.2.2 SEF components

SEF can be recorded following stimulation of various body parts,allowing us to
examine the brain response of different somatosensory pathways. The median
and tibial nerves represent the somatosensory pathways of the upper and lower
limbs, respectively. After stimulation of these nerves, these somatosensory
signals typically propagate along their respective somatosensory pathway to

specific regions of the S| (Figure 3A)(Buchner et al., 1994, Kakigi et al., 1995).

Following stimulation of the median or tibial nerve, the M20 or M37 component of
the magnetic brain activity emerges around at 20 ms and 37 ms post-stimulation,
respectively (Figure 3B and 3C). These waveforms reflect the initial processing
of somatosensory stimulation in area 3b of Sl(Beppi et al., 2021, Leonardelli,
2010, Anzellotti et al., 2016). The latency of M37 is notably more prolonged than
that of the M20 component following median nerve stimulation due to the longer
distance of the lower limb from the Sl. The short-latency components, such as
M20, typically serve as objective measures for assessing somatosensory function
and diagnosing various neurological conditions(Tecchio et al., 2007). For
instance, the latency of M20 or M37 indicates the speed of neural conduction,
with prolonged latencies suggesting potential damagess in the somatosensory
system. This makes them valuable for identifying conditions such as peripheral
neuropathy, or spinal cord injury, where delayed signal transmission is
common(Hitomi et al., 2006, Walsh et al., 2005). In addition to latency, the
amplitude of M20 or M37 always represents the degree of cortical activation in
response to sensory stimuli. Reduced amplitudes may indicate impaired cortical
processing or diminished somatosensory input, as seen in stroke or
neurodegenerative diseases. Conversely, increased amplitudes may suggest
cortical hyperexcitability, which is often associated with disorders such as

epilepsy(Ostry et al., 2021, Assenza et al., 2020).In contrast to the rapid response



of Sl, secondary somatosensory cortex (Sll) exhibits a delayed response to
somatosensory stimuli, typically occurring between 95 and 125 ms post-
stimulation after median nerve stimulation(Hari et al., 1984). This time difference
suggests that SI mainly processes primary tactile information, while SIl may be

involved in higher-level sensory integration and processing.

Median Nerve Stimulation

[ — i M20

M

M20

Amplitude (fT)

-20 0 20 40 60 80 100 120 140 150ms
Time

c
(J Tibial Nerve Stimulation

Amplitude (fT)

Tibial nerve

-20 0 20 40 60 80 100 120 140 150 ms
Time

Figure 3. SEF conduction pathways and waveforms; (A) Conduction pathways of SEF from
the median (red line) or tibial nerve (purple line) to specific Sl regions; (B) Waveforms of SEF
following median nerve stimulation, including M20 and M30 components; (C) Waveforms of
SEF following tibial nerve stimulation, including M37 and M45 components. The dotted line in
(B) and (C) indicates the stimulation artifact. The Fig. 3A was made according to (Maudrich et
al., 2021) and (Levin et al., 2019) and created with Biorender.com.

1.2.3 Stimulation types of SEF

The somatosensory system is frequently stimulated by applying electrical or
mechanical peripheral somatosensory stimulation. This study utilized both
electrical stimulation and pneumatically-driven mechanical stimulation. Electrical
stimulation involves applying electrical current to nerves, which triggers excitatory
responses in the somatosensory system. These neural excitations propagate

along the somatosensory pathway to the Sl region, generating a sensation to be



felt specifically at the stimulation area. On the other hand, pneumatic stimulation
uses a pneumatic pump to deliver compressed air through a hose to activate
mechanoreceptors in the skin. Action potentials generated by these
mechanoreceptors are transmitted to peripheral nerve fibers and then to the brain
cortex, particularly the Sl region. While both stimulation modes produce similar
S| responses(Mertens et al., 2000), they exhibit significant differences in signal-

to-noise ratio(SNR).

Electrical stimulation activates numerous nerve fibers, generating the high SNR
SEP or SEF signal, commonly wused in clinical neurophysiological
testing(Leonardelli, 2010). These clear signals are particularly important for
precisely measuring latencies in SEP or SEF components, such as diagnosing
delayed neural processing indicative of multiple sclerosis(Kallmann et al., 2006).
Additionally, electrical stimulation can modulate specific pain fibers, like Ad fibers
that transmit sharp, localized pain and C fibers responsible for dull, throbbing pain,
making it a useful tool in pain research(Torebjork et al., 1980).In contrast,
pneumatic stimulation is gentler , producing blurred signals with a lower signal-
to-noise ratio. Due to its mild stimulation method, pneumatic stimulation typically
does not cause discomfort to participants, making it suitable for prolonged
experimental studies or sensitive participants, such as children. Pneumatic
stimulation is used to simulate natural tactile experiences and study tactile
mechanisms, including the activation of skin mechanoreceptors(Nakamura et al.,

1998, Lew et al., 2009, Onishi et al., 2013).

Nowadays, many studies have separately explored SEF characteristics under
electrical and pneumatic stimulation conditions, but there are few direct
comparative studies on the topographic representations This study compared the

axial and planar topography of SEF components M20 and M37 under electrical



and pneumatic stimulation to reveal how the brain processes different tactile
stimuli. MEG is used to achieve this goal in this study and is known for its high
spatial and temporal resolution. The following sections outline MEG's history,

fundamental principles, and applications in neuroimaging.
1.3 MEG
1.3.1 MEG history

Magnetoencephalography (MEG) is a non-invasive neuroimaging device that
detects weak magnetic fields generated by electrical currents within the
brain(Babiloni et al., 2009). Originally measured by Cohen in 1968 using a copper
induction coil, MEG signals were of poor quality with a low signal-to-noise ratio.
The copper coil’s sensitivity to brain magnetic fields is low because it relies on
electromagnetic induction, which requires a substantial change in magnetic flux
to produce a detectable voltage. Brain magnetic fields are often too small to
induce a strong current in the copper coil (Cohen, 1968). In 1972, the
Superconducting Quantum Interference Device (SQUID) was introduced as a
magnetic detector, greatly enhancing MEG's sensitivity to small biomagnetic
fields. Initially, only one SQUID detector was used, requiring constant
repositioning to measure the magnetic fields around the subject's head(Cohen,
1972). Since 1980, MEG has utilized multiple sensors covering a large area of
the head to measure signals simultaneously(Hamalainen et al., 1993). In 1992,
the first helmet-mounted MEG device was introduced with 148 channels to cover
most of the head(Vrba et al., 2001). Presently, MEG systems have 100-300
channels covering almost the whole head(Fred et al., 2022). Therefore, MEG
signals can be efficiently collected with millisecond (ms) temporal and millimeter

(mm) spatial resolutions(Hamalainen et al., 1993).
1.3.2 MEG system

Biomagnetism involves measuring the weak magnetic fields generated by neural

and muscular activity(Williamson et al., 2013). Among these, the strongest



biomagnetic signal produced by the human body is the cardiac magnetic field,
recorded using magnetocardiography (Zhu et al., 2022).The magnetic field
generated by the human brain is extremely weak, approximately 10-'3to 10
Tesla (T). Electrical devices and the earth's magnetic field are classified as
external magnetic fields.These fields are generated by the electrical activity from
natural or man-made sources.However, external magnetic fields are much higher
than the brain's magnetic field. For instance, the earth's magnetic field is around
10 T, approximately a billion times stronger than the brain's (Figure 4) (Vrba,
2002). These external magnetic fields can interfere with the measurement of
weak biomagnetic fields,making accurate detection of the brain’s magnetic field
a significant challenge. Consequently, specialized magnetic shielding and
advanced techniques are essential to easure precise recording in brain magnetic

field experiments.
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Figure 4. Comparison of the biomagnetic fields with other external fields. This figure was made
according to (Vrba, 2002) and created with Biorender.com

Several key components are used for the MEG system to increase magnetic field

sensitivity and minimize external interference, such as the magnetically shielded



room (MSR), SQUID, and Dewar (Figure 5). Here, | will briefly describe these
key components.

MSR: The MEG is typically placed within a magnetically shielded room (MSR) to
eliminate interference from household appliances or the earth's magnetic field,
ensuring the reliability of the measured neural signals. The MSR usually has a
middle layer of aluminum coated with copper, which provides good mechanical
strength and electrical conductivity, effectively blocking changing magnetic fields
by generating eddy currents. However, this middle layer does not shield against
static magnetic fields. The outer and inner layers are made of mu-metal, with high
magnetic susceptibility. These two layers attract and guide external magnetic
fields around the measurement site, thus enhancing the shielding effectiveness

against external disturbances (Holmes et al., 2022).

SQUID: Besides mitigating interference from external magnetic fields, enhancing
the MEG's sensitivity to weak biomagnetic fields is another challenge. The SQUID,
the most sensitive magnetic flux detector, serves as a critical component of the
MEG system. lIts principal structure, the Josephson junction, converts minute

magnetic flux changes into electrical currents In general, the sensitivity of SQUID

detectors in MEG typically ranges between 2-3 fT/v/Hz, which is adequate for

effectively recording the brain's magnetic fields(Cohen, 1972, Faley et al., 20006).

Dewar: The sensors of MEG must be maintained in a superconducting state,
housed within a helmet-like container known as a Dewar. The interior of the
Dewar is filled with liquid helium, which cools the SQUID coils below 4.2 K,
sustaining its superconducting state for highly sensitive magnetic field detection.
Typically constructed from double glass or metal, the Dewar utilizes a vacuum to
seal the space between the double layers, minimizing heat conduction from the

subject's head temperature (close to body temperature) to the sensor (required

10



to remain below 4.2 K) (Niso Galan, 2013).
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Figure 5. Schematic diagram of the MEG device. Typically, the MEG measurement process
involves subjects engaging in tasks related to the study topic, such as responding to visual,
auditory, or tactile stimulation. During these tasks, the SQUID coil records the brain's magnetic
field signals simultaneously. These signals are then captured, amplified, digitized, and
transferred to a computer system for storage, processing, and analysis. This figure was made
according to (Vrba et al., 2001) and created with Biorender.com.

1.3.3 Origin of MEG signals

The human brain is a complex neural network consisting of approximately 10"
neurons, each interconnected by about 103 synapses facilitating neural signal
transmission. These signals propagate through electrical and chemical means.
Specifically, signal transmission along neuron axons is mediated by action
potentials (AP), rapid and transient electrical signals arising from the opening and
closing of ion channels on the neuron membrane. This process mainly involves
the efflux of potassium ions and the influx of sodium ions, lasting approximately
1 ms. When AP reaches the synapse at the end of the axon, it initiates the release

of excitatory or inhibitory neurotransmitters into the synaptic cleft. Subsequently,

11



these neurotransmitters bind to receptors on the postsynaptic membrane,
activating channels such as those for calcium ions, thus altering the membrane
potential and generating postsynaptic potentials (PSP) spanning approximately

10 ms (Figure 6) (Niso Galan, 2013, Pakkenberg et al., 2003).
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Figure 6. Origin of neural signals measured by MEG; (A) Action potential transmission process
along the axon of the pre-synaptic neuron (green arrow); (B) Post-synaptic potential generated
by neurotransmitters (blue dots) binding to ionotropic receptors on the postsynaptic membrane;
(C) Magnetic field (red circle and arrow) generated by the current associated with the
postsynaptic potential (blue arrow); This figure was made according to (Vrba et al., 2001) and
created with Biorender.com.

Based on Maxwell's equations, the activation of neurons at their postsynaptic
membrane generates weak electrical currents, inducing small magnetic fields
spreading in circular patterns around the current.According to the right-hand rule,
if the thumb of the right hand points in the direction of the current, the fingers will
bend in the direction of the induced magnetic field. MEG can detect these field
changes. While both PSP and AP can prompt magnetic field changes, MEG

captures signals originating from the currents associated with PSP rather than

12



those linked to APs. The reasons for this are as follows(Niso Galan, 2013, Meyer,

2016):

1.) AP exhibits biphasic properties, with both positive and negative deflections.
During depolarization, sodium ions are at the site, causing currents to travel
in both directions. This bidirectional current flow results in the magnetic fields
of both currents canceling each other to some extent, potentially reducing
the overall signal strength. The signal propagates predominantly in the
forward direction because the backward direction remains refractory. In
contrast, PSP displays a monophasic nature, allowing for these potentials to
accumulate and result in a stronger overall signal. At the apical dendrites,
the current travels in a single direction, enhancing the detectability of these
signals. As a result, MEG can detect PSP more efficiently than AP.

2.) The duration of PSP is approximately 10 ms, much longer than that of AP,
which typically lasts about 1 ms. This longer duration allows for the temporal
summation of PSP from multiple neurons and provides MEG with a broader
time window to capture signals effectively.

3.) Generally, PSP generates an electric dipole with a circular magnetic field
changing slowly in time (between 4 and 100 Hz). Conversely, AP involves a
rapid depolarization and repolarization process, where depolarizing and
repolarizing currents on axons move in both directions. These opposing
currents lead to the cancellation of the magnetic fields generated. The decay
rate of bipolar magnetic fields associated with PSP is much slower than that
of quadrupolar fields linked to AP, especially at the apical dendrites,

rendering PSP-related magnetic fields more readily detectable by MEG.
1.3.4 MEG vs. other techniques

MEG vs. EEG: Electroencephalography (EEG) and magnetoencephalography

(MEG) measure scalp electrical potentials and magnetic fields generated by

13



electrical brain activity, respectively. While both modalities record signals from the
electrical activity of parallel-aligned pyramidal neurons in the cerebral cortex, they
exhibit differences(van Mierlo et al., 2019, Baillet, 2017, Hamalainen et al., 1994,

Henry, 2006):

1.) MEG shares a similar temporal resolution with EEG but offers higher spatial
resolution due to the magnetic field's reduced susceptibility to scalp and skull
conductivity changes, which minimizes interference from volumetric currents
and artifacts.

2.) EEG is sensitive to radial and tangential signals, whereas MEG is only
sensitive to tangential signals within the cortex. Because tangential currents
(parallel to the scalp) produce magnetic fields that extend outside the head,
making them detectable by MEG. However, radial currents (perpendicular to
the scalp) generate magnetic fields that remain confined within the head,
making them undetectable.

3.) The high cost of MEG's core components, such as liquid helium and MSR,
has limited its widespread adoption. In comparison, EEG, which is relatively

inexpensive, has been used in clinical settings for a longer period.

Despite these differences, more and more studies have demonstrated that MEG
and EEG could complement each other rather than compete. Many MEG centers
conduct EEG/MEG studies to explore brain function, particularly in investigating
functional brain connectivity and elucidating mechanisms of some diseases, such

as epileptic networks.
MEG vs fMRI: Functional Magnetic Resonance Imaging (fMRI) primarily detects

hemodynamic changes in the brain, measured using blood oxygen level-

dependent (BOLD) contrast. The main distinction between the two techniques is

14



that MEG offers higher temporal resolution at the millisecond level and can
directly measure the brain's neuroelectric activity. While fMRI has a high spatial
resolution, its temporal resolution is limited to seconds (Cargnelutti et al., 2023).
Each technique has its advantages and limitations. Regarding resolution, the two
techniques are complementary, and their combined use provides a

comprehensive and reliable understanding of brain activity.
1.4 Aims and hypotheses

The overall aim objective of this study is to compare the waveform characteristics
and topography of SEF under electrical and pneumatic stimulation. Since
electrical stimulation often causes discomfort during clinical SEP or SEF testing,
this study aims to explore whether pneumatic stimulation can serve as a viable
alternative. The specific objectives of the study include:1.) Investigating whether
there is a significant difference in the latencies of M20 and M37 between electrical
and pneumatic stimulation; 2.)Assessing the signal-to-noise ratio (SNR)
differences between the two stimulation methods; 3.) Analyzing the axial and
planar topographies of M20 and M37 under both electrical and pneumatic

stimulation to evaluate their differences and correlations

Hypothesis 1: Electrical stimulation will generate clearer and sharper M20 and
M37 waveforms compared to pneumatic stimulation. This is attributed to the
higher signal-to-noise ratio and quicker conduction path of electrical stimulation

compared to pneumatic stimulation.

Hypothesis 2: After normalizing stimulus intensity, the topographic patterns of
M20 and M37 under both electrical and pneumatic stimulation conditions will
exhibit significant differences. These differences may stem from the involvement

of different neural generators.

15



Hypothesis 3: Following normalization of stimulus intensity, there will be no
significant correlation in the topography of SEF components M20 and M37
between electrical and pneumatic stimulation conditions. The different neural
generators are involved into these two stimulations, no correlation should be
present.

Hypothesis 4: Significant differences in the latency of M20 and M37 components
are expected between electrical and pneumatic stimulation conditions.
Specifically, we anticipate shorter latencies for M20 and M37 under electrical
stimulation due to faster conduction paths, while pneumatic stimulation involves

mechanical delays affecting SEF transmission.
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2 Methods
2.1 Participants

Ten healthy participants were recruited from the University of Tubingen. All
participants were right-handed and confirmed free of neurological disorders by a
a senior neurologist. Before the measurements, all participants were informed to
dress in metal-free clothes and provide written informed consent. The study
complied with the Declaration of Helsinki and was approved by the University of
Tubingen Ethics Committee (20V2023B0). The demographic characteristics of all
participants are presented in Table 1 in the RESULTS section.

2.2 Experimental protocols

The study employed four different experimental setups for SEF, utilizing two
stimulation methods (electrical and pneumatic) targeting two anatomical sites
(median and tibial nerves). This section depicts the details of the experimental

configuration (Figure 7).

1.) Electrical stimulation: It was administered to the right median nerve at the wrist
(EM stimulation) and the right tibial nerve at the inner ankle, respectively (ET
stimulation). Electrodes were positioned approximately 2 cm along the nerve
projection direction (Figure 7A and 7C). Square wave pulses lasting 0.1 ms,
with an interval of 300 ms, were delivered to evoke responses in the median
or tibial nerve. Gradually increase the stimulation intensity until a slight
twitching of the thumb (median nerve) or toe (tibial nerve) is observed without
causing pain. This protocol ensured precise and controlled stimulation for both
median and tibial nerves.

2.) Pneumatic stimulation: This method involves a balloon diaphragm operated
by compressed air (Figures 7B and 7D). For the right median nerve (PM
stimulation), the stimulator was affixed to the right index finger, while for the

right tibial nerve (PT stimulation), it was attached to the right toe. A
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compressor outside the shielded room delivered air pulses through a sealed
tube. These pulses lasted also 5 ms. An electronic trigger was sent to the
recording computer whenever the valve opened to provide an air pulseer.
Subsequent stimuli were spaced by intervals ranging between 250-350 ms.
Stimuli were delivered at an intensity of 2000 Hektopascal. Due to the
dynamics of air transfer through the tube, a delay of 40 milliseconds was

observed in the pulses.

A B
EM (Electric-Median) PM (Pneumatic-Median)

C ET (Electric-Tibial) D PT (Pneumatic-Tibial)

Figure 7. The stimulation types. (A)(C) Electrical stimulation was applied to the median
(EM) or tibial (ET) nerve using square-wave electrical impulses until the thumb or toe
twitched without causing pain. (C)(D) Pneumatic stimulation was delivered by a stream of
compressed air to the index finger (median nerve, PM) and the toe (tibial nerve, PT) for
tactile stimulation.
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2.3 MEG data acquisition

In the magnetically shielded room, all participants sat upright in a chair for the
measurements. Data were acquired using a 275-channel whole-head MEG
system (CTF Inc., Vancouver, Canada) at a sampling rate of 2400 Hz. A built-in
third-order gradiometer correction was applied to minimize external interference.
Before data acquisition, three head position indicator coils were strategically
placed at the nasion and left and right preauricular points (the position of three
fiducial points) in order to determine the position of the head with respect to the
sensor coils, and to ensure that head movements were accurately tracked
throughout the recording.

Participants were instructed to keep their eyes closed and stay quiet throughout
the procedure to reduce artifacts from eye blinking and muscle movements. Each
experimental condition was administered for approximately 5 minutes.
Approximately 1200 valid trials were finally acquired for each condition and
participant during this period.

2.4 Pre-processing of MEG data

The MEG data was analyzed through MATLAB (version: R_2023b, the
MathWorks, Inc.) and the neural signal processing toolkit Fieldtrip

(https://www.fieldtriptoolbox.org). Each recording was visually inspected to

identify and discard the channels or trials with significant artifacts, such as muscle
contractions and sensor jumps. The continuous data were high-pass filtered at 2
Hz to remove slow drift, and a Notch filter was used to remove | 50 Hz line noise
(and the harmonics at 100 and 150 Hz). Independent Component Analysis (ICA)
was performed to remove artifacts resulting from heartbeats and eye movements,
and eye blinks. Afterwards, the data were re-segmented into trials (according to
recorded trigger information) with a duration of 70 ms for subsequent analysis,

including a baseline of 20 ms pre-stimulation and data of 50 ms post-stimulation.

2.5 Somatosensory evoked fields
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To improve the signal-to-noise ratio (SNR) of the somatosensory evoked fields
(SEF), data were averaged across trials for each condition, with baseline
correction from -20 ms to 0 ms. Planar gradient was then applied to improve the
topographical representation of the SEF. It simplified the interpretation of the
sensor-level data since the neuronal sources of the signals are typically situated
directly below where the planar gradient is strongest (Wang et al., 2012).
Additionally, this approach allows access to activations in a continuous set of
sensors, which is necessary for subsequent cluster-based randomized
permutation analysis. Briefly, the signals recorded from the axial gradiometer and
the neighboring axial gradiometers (closer than 4 cm, typically six axial
gradiometers) were used to get the planar gradient estimates for each sensor.
Then, the root mean square was applied to combine the orthogonal components

of the estimated planar gradient, obtaining positive values.

Stimulus intensity influences the topological representation of neural
activity(McCarthy et al., 1985, Michel et al., 2004 ) (Figure 8). To study the evoked
fields independent from stimulation intensity, the SEF was normalized using the
root mean square (RMS normalization)(Figure 9). Briefly, for each participant,
the root mean square (RMS) value was calculated across all channels at each
time point. Subsequently, the data for each channel was divided by the RMS
value to accomplish the normalization. Such that the effect of stimulus intensity
is reduced, and brain activity evoked by electrical and pneumatic stimulation are
more comparable.

SEF j(t)

1
/ﬁz’,é’zl SEFy, j(t)?

SEF; ;(t) is the original SEF data for the i-th channel of the j-th participant at

Normalized SEF; ;(t) =

time point # Normalized_SEF;;(t) is the normalized SEF data for the i-th channelof

the j -th participant at time point & N is the total number of
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channels.\[%}]’,@’=1 SEFy ;(t)? is the RMS value across all channels at time point ¢

for the j-th participant, used to normalize the data for each channel.

A One source different intensities B Two source different intensities
Case 1 Case 2
— Condition1
N — Condition2
Fz Cz Pz 0z Fz Cz Pz 0z
Same topography Different topography

Figure 8. Effects of stimulus intensity on neural activity topographies with given source
distributions. (A) one source with different stimulus intensities: the topography is the same, just
linearly stretched. (B) two sources with different stimulus intensities: the topography is different.
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Case 1 Case 2
— Condition1
— Condition2
/Fz Cz Pz 0z /Fz Cz Pz 0z
B
Case 1 Case 2
A A
Cz
Cz
Pz
o X
c c
2 Slope m S Slope m
T k-]
c <
o o
o o
Condition1 Gondition1
Oz
Fz Fz
c Divide by slope m or RMS Divide by slope m or RMS
Case 1 Case 2
— Condition1
/ i / N — Condition2
Fz Cz Pz Oz Fz Cz Pz Oz
One source different intensities Mutiple sources different intensities

Figure 9. How to find out whether differences in topography are due to different intensities or
different sources? (A) Effects of source distribution and stimulus intensity on neural activity
topography. (B) Similarity analysis of neural activity between conditions was conducted to
determine the slope m. (C) Normalization of neural activity was performed by dividing the data
by either the slope m or the root mean square (RMS), thereby minimizing the influence of
varying stimulus intensities on the topography. Following normalization, the results for Case 1
(left) indicate that the observed differences in topographies are attributed to variations in
stimulus intensities. In contrast, the results for Case 2 (right) suggest that the differences in
topographies arise from variations in source distribution.

2.6 Global mean field power (GMFP) and Signal to noise ratio (SNR)

To assess neural responses to pneumatic and electrical stimulation, the Global
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Mean Field Power (GMFP) was computed for each participant across all channels.
Subsequently, the Signal-to-Noise Ratio (SNR) was calculated based on the
GMFP, which allows for the quantification of signal strength relative to baseline
noise.

2.6.1. GMFP Calculation

The GMFP reflects the global field strength at each time point and is calculated

as the spatial standard deviation of the event-related fields (ERF) across

channels. The GMFP for a given participant at time point t is computed as follows:

Nchannels

N/
Z (ERF(ch, t, subj) — ERF(t, subj))

ch=1

GMFP(t,subj) =

channels

GMFP (t, subj) is the GMFP at time point t for a given participant subj. ERF (ch,

t, subj) represents the ERF value at time point t for channel ch in the subj-th

participant. m is the mean ERF value across all channels at time point
t for the subj-th participant. Ncrannets is the total number of channels.

2.6.2. SNR Calculation

The SNR for each participant was calculated using the GMFP within two time
windows: the baseline period (-20ms to -10 ms) and the M20/M37 component
period. The baseline GMFP represents the noise level, while the GMFP during

the M20/M37 component represents the signal strength.

2.6.2.1 Signal Power

The signal power Pg;ign,1(subj) was calculated as the mean squared GMFP within

the M20/M37 component time window. The formula for signal power is:

t2

Z (GMFP(t, subj))’

t= tl

1
Psignal(subj) = N

signal
t1 and t2 denote the start and end time points of the M20/M37 component. Ngjgna

is the number of time points within the M20/M37 component.
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2.6.2.2 Noise Power

Similarly, the noise power P,,;;.(subj) was computed as the mean squared

GMFP during the baseline period (-20 ms to -10 ms):

b,

Z (GMFP(t, subj))’

t=b1

Proise (subj) =

Nbaseline
b1 and b2 are the start and end time points of the baseline window (-20 ms to

=10 ms). Npaseline 1S the number of time points within the baseline window.
2.6.2.3 Signal-to-Noise Ratio (SNR)

The SNR for each participant was then computed as the ratio of the signal power

to the noise power:

PsignaI(SUbj)

Pyoise (subj)

To express the SNR in decibels (dB), the following logarithmic transformation was

SNR(subj) =

applied:

Psignal (Sltb]))

SNR;5(subj) = 10 - log,, (P —sub))
noise

2.7 Cluster-based permutation test

The cluster-based random permutation test was applied to compare differences
in topographical descriptions between electrical and pneumatic stimuli at the
sensor level. Based on the planar gradient estimation, the dependent t-test was
used for each sensor, and all successive sensors that were smaller than the
significance level (5%) were clustered. A null distribution that assumed no
conditional differences was obtained by randomly permuting conditions among
subjects 1024 times and computing the maximum cluster-level statistic for each
permutation. Comparing the observed cluster-level statistics with the null
distribution, significant clusters were identified as those at the highest or lowest
2.5™ percentile. Here, positive clusters represent SEF amplitude at electrical

stimulation higher than pneumatic stimulation, while negative clusters represent
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SEF amplitude at electrical stimulation lower than pneumatic stimulation. This
approach helped us to compare the activation differences at the sensor level
between electrical and pneumatic stimulation within the time window of the M20

(median nerve) and M37 (tibial nerve) components.
2.8 Statistics

Spearman's rank correlation analysis quantified the consistency between the
topographical distributions of SEFs for M20 (median nerve) and M37 (tibial nerve)
under electrical and pneumatic stimulation. A normality test (Shapiro-Wilk)
confirmed non-normal distribution of the data, justifying the use of a non-
parametric method. Correlations were calculated between the topographical
maps of M20 and M37 under each stimulation condition. A p-value below 0.05
was considered statistically significant. Topographic differences in SEFs between
electrical and pneumatic stimulation of M20 (median nerve) and M37 (tibial nerve)
were compared using a cluster-based random permutation test, with a two-tailed
significance threshold of p < 0.025 (total a = 0.05). Latency differences for M20
and M37 across conditions were evaluated using the Wilcoxon signed rank test,

with p < 0.05 considered significant.
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3 Results
3.1 Demographic characteristics of the participants

The demographic characteristics of the participants in this study are shown in
Table 1. A total of 10 healthy adults were recruited for this study, 6 females and
4 males, with a mean age of (29.2 + 2.0) years and a mean height of (167.5 £ 9.8)

cm.

Arm
Participant Age Height BMI Sex
span/2
(n=10) (years) (cm) (=kg/2) (F/M)
(cm)
P1 29 171 87 25.0 M
P2 30 173 86 22.7 F
P3 25 170 84 221 M
P4 28 160 64 23.4 F
P5 30 167 82 21.5 F
P6 29 153 76.5 20.9 F
P7 31 172 87.5 20.3 F
P8 32 155 76 19.1 F
P9 31 187 93 26.3 M
P10 27 167 86.5 22.9 M

29.2r 1675t 823 224+% 4
2.0 9.8 8.2 21 M+6F

Average

Table 1. A summary of participant characteristics.
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3.2 Comparison of SEF axial topography under electrical and pneumatic

stimulation of the median nerve

The axial plot of sensory evoked fields (SEF) for median nerve stimulation was
analyzed under electrical and pneumatic conditions. In these plots, the M20
component waveform under electrical stimulation (Figure 10A). was clear and
sharp, while the waveform under pneumatic stimulation was less distinct (Figure
10B). The signal-to-noise ratio (SNR) of the M20 component in axial gradient
under electrical stimulation (14.8492 dB) is significantly higher (p-value = 0.00056)
than that under pneumatic stimulation (9.0187 dB).( Figure 10C).

Next, we used cluster analysis to compare the differences in the M20 component
on the axial topography. Without normalizing stimulus intensity, the cluster
analysis revealed a statistically significant difference in amplitude for the M20
component between electrical and pneumatic stimulation conditions. Specifically,
the amplitude of M20 under electrical stimulation was higher than under
pneumatic stimulation (P<0.025, Figure 11A). However, after normalizing
stimulus intensity, no significant difference in M20 was observed between the two

stimulation conditions (P>0.025, Figure 11B).

Finally, we conducted a Spearman’s analysis to assess the correlation of M20
axial topography between electrical and pneumatic stimulation conditions. The
results demonstrated a high correlation between the M20 components in both
non-normalized and normalized conditions. Additionally, the correlation in the
non-normalized condition was higher than in the normalized condition (P<0.01,

Figures 12 and 13).
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Figure 10. Axial butterfly plots of SEF under electrical stimulation (EM) and pneumatic
stimulation (PM) of the median nerve; (A) Axial SEF butterfly plot and global mean field power
(GMFP) for EM (blue curve); (B) Axial SEF butterfly plot and GMFP for PM (red curve); Gray
bars represent the M20 component of the SEF. The dotted line in (A) and (B) indicates the
stimulation onset. (C) The signal-to-noise ratio (SNR) of the M20 component in axial gradient
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under electrical (EM) and pneumatic stimulation (PM) of the median nerve.
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Figure 11. Cluster analysis of M20 component on axial topography; (A) Amplitude differences
of M20 topography under electrical stimulation (EM) and pneumatic stimulation (PM) of the
median nerve, without normalizing stimulus intensity; (B) Amplitude differences of M20
topography under electrical stimulation (EM) and pneumatic stimulation (PM) of the median
nerve, after normalizing stimulus intensity; The color bar displays the range of amplitudes
corresponding to the colors. Black dots indicate sensors with significant higher amplitude of the
M20 component in axial gradient under electrical stimulation compared to pneumatic
stimulation.
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Figure 12. Correlation analysis of M20 axial topography under electrical and pneumatic
stimulation with non-normalized stimulus intensity; (A) Axial topography of M20 under electrical
stimulation, non-normalized stimulus intensity; (B) Axial topography of M20 under pneumatic
stimulation, non-normalized stimulus intensity; (C) Statistical correlation in axial topography of
M20 under electrical and pneumatic stimulation with non-normalized stimulus intensities.
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Figure 13. Correlation analysis of M20 axial topography under electrical and pneumatic
stimulation with normalized stimulus intensity; (A) Axial topography of M20 under electrical
stimulation, normalized stimulus intensity; (B) Axial topography of M20 under pneumatic
stimulation, normalized stimulus intensity; (C) Statistical correlation in axial topography of M20
under electrical and pneumatic stimulation with normalized stimulus intensities.
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3.3 Comparison of SEF planar topography under electrical and pneumatic

stimulation of the median nerve

The planar plot of sensory evoked fields (SEF) for median nerve stimulation was
analyzed under electrical and pneumatic conditions.The SEF's butterfly plot
under electrical stimulation (Figure 14A) showed a clear and distinct waveform
of the M20 component, whereas, under pneumatic stimulation (Figure 14B), the
M20 component appeared flat or blurry. The signal-to-noise ratio (SNR) of the
M20 component in planar gradient under electrical stimulation (15.4666 dB) is
significantly higher (p-value = 0.0016675) than that under pneumatic stimulation

(9.4714 dB).( Figure 14C).

Cluster analysis demonstrated a statistically significant difference in M20 planar
topography between electrical and pneumatic stimulation conditions before
normalizing stimulus intensity. Specifically, the amplitude of M20 was higher
under electrical stimulation than pneumatic stimulation (P<0.025, Figure 15A).
However, no statistical difference was found between the two conditions after

normalizing stimulus intensity (P>0.025, Figure 15B).

Correlation analyses revealed a high correlation between the M20 components
under electrical and pneumatic stimulation conditions, both at non-normalized
and normalized stimulus intensities. Furthermore, the correlation at non-
normalized stimulus intensity was higher than at normalized intensity. These

findings are consistent with our axial map analyses (P<0.01, Figures 16 and 17).
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Figure 14. Planar butterfly plots of SEF under electrical stimulation (EM) and pneumatic
stimulation (PM) of the median nerve; (A) Planar SEF butterfly plot and global mean field power
(GMFP) for EM (blue curve); (B) Planar SEF butterfly plot and GMFP for PM (red curve). Gray
bars represent the M20 component of the SEF. The dotted line in (A) and (B) indicates the
stimulation onset. (C) The signal-to-noise ratio (SNR) of the M20 component in planar
gradient under electrical (EM) and pneumatic stimulation (PM) of the median nerve.

33



A EM-PM M20 planar Difference
(non-normalization)

15

10

(3, ]
Amplitude(fT/cm)

0
-5
10
p: 0.018555
B EM-PM M20 planar Difference
(normalization)
1.5

-0.5
-1
-1.5

o
Normalized-Amplitude

p: 0.06543

Figure 15. Cluster analysis of M20 component on planar topography; (A) Amplitude differences
of M20 planar under electrical stimulation and pneumatic stimulation without normalizing
stimulus intensity; (B) Amplitude differences of M20 topography under electrical stimulation
(EM) and pneumatic stimulation (PM), after normalizing stimulus intensity. The color bar
displays the range of amplitudes corresponding to the colors. Black dots indicate sensors with
significant higher amplitude of the M20 component in planar gradient under electrical
stimulation compared to pneumatic stimulation.

34



A EM M20 planar B PM M20 planar
(non-normalization) (non-normalization)

15

10

Amplitude(fT/cm)

EM-PM M20 planar correlation
C (non-normalization)
4

N
T

PM Amplitude(fT/cm)
o -—
T T

corr: 0.99492
p: 2.7174e-263

-2 I | | | I ]
-2 -1 0 1 2 3 4
EM Amplitude(fT/cm)

Figure 16. Correlation analysis of M20 planar topography under electrical and pneumatic
stimulation without normalized stimulus intensity; (A) planar topography of M20 under electrical
stimulation, non-normalized stimulus intensity; (B) planar topography of M20 under pneumatic
stimulation, non-normalized stimulus intensity; (C) Statistical correlation of M20 planar
topography under electrical and pneumatic stimulation with non-normalized stimulus
intensities.
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Figure 17. Correlation analysis of M20 planar topography under electrical and pneumatic
stimulation with normalized stimulus intensity; (A) planar topography of M20 under electrical
stimulation, normalized stimulus intensity; (B) planar topography of M20 under pneumatic
stimulation, normalized stimulus intensity; (C) Statistical correlation in planar topography of
M20 under electrical and pneumatic stimulation with normalized stimulus intensities.
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3.4 Comparison of SEF axial topography under electrical and pneumatic

stimulation of the tibial nerve

The axial plot of sensory evoked fields (SEF) for tibial nerve stimulation was
analyzed under electrical and pneumatic conditions. Under electrical stimulation
(Figure 18A), the SEF axial plot displayed a clear and well-defined waveform for
the M37 component, whereas, under pneumatic stimulation (Figure 18B), the
M37 waveform was very flat. The signal-to-noise ratio (SNR) of the M37
component in axial gradient under electrical stimulation (9.9095 dB) is
significantly higher (p-value = 0.011349) than that under pneumatic stimulation

(7.3389 dB).( Figure 18C).

Cluster analysis revealed no statistical difference in the M37 component between
electrical and pneumatic stimulation conditions, whether the stimulus intensities

were non-normalized or normalized (P>0.025, Figure 17).

Correlation analysis of the axial plots revealed a high correlation between M37
under electrical stimulation and M37 under pneumatic stimulation when stimulus
intensities were not normalized (P<0.01, Figure 20). However, after normalizing
the stimulus intensity, no correlation was found between M37 under the two

conditions (P>0.05, Figure 21).
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Figure 18. Axial butterfly plots of SEF under electrical stimulation (ET) and pneumatic
stimulation (PT) of the tibial nerve; (A) Axial SEF butterfly plot and global mean field power
(GMFP) for ET (blue curve); (B) Axial SEF butterfly plot and GMFP for PM (red curve). Gray
bars represent the SEF component M37. The dotted line in (A) and (B) indicates the stimulation
onset. (C) The signal-to-noise ratio (SNR) of the M37 component in axial gradient under
electrical (ET) and pneumatic stimulation (PT) of the tibial nerve.
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Figure 19. Cluster analysis of M37 component on axial topography; (A) Amplitude differences
of M37 topography under electrical and pneumatic stimulation, without normalizing stimulus
intensity; (B) Amplitude differences of M37 topography under electrical and pneumatic
stimulation after normalizing stimulus intensity; The color bar displays the range of amplitudes
corresponding to the colors. Black dots indicate sensors with significant higher amplitude of the
M37 component in axial gradient under electrical stimulation compared to pneumatic
stimulation.
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Figure 20. Correlation analysis of M37 axial topography under electrical and pneumatic
stimulation with non-normalized stimulus intensity; (A) Axial topography of M37 under electrical
stimulation, non-normalized stimulus intensity; (B) Axial topography of M37 under pneumatic
stimulation, non-normalized stimulus intensity; (C) Statistical correlation in axial topography of
M37 under electrical and pneumatic stimulation with non-normalized stimulus intensities.
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Figure 21. Correlation analysis of M37 axial topography under electrical and pneumatic
stimulation with normalized stimulus intensity; (A) Axial topography of M37 under electrical
stimulation after normalized stimulus intensity; (B) Axial topography of M37 under pneumatic
stimulation after normalized stimulus intensity; (C) No statistical correlation in axial topography
of M37 component under electrical and pneumatic stimulation with normalized stimulus
intensities.
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3.5 Comparison of SEF planar topography under electrical and pneumatic

stimulation of the tibial nerve

The planar plot of sensory evoked fields (SEF) for tibial nerve stimulation was
analyzed under electrical and pneumatic conditions.The SEF planar plots
showed a clearer and more defined waveform of the M37 component in the
electrical stimulation (Figure 22A)condition compared to pneumatic stimulation
(Figure 22B). The signal-to-noise ratio (SNR) of the M37 component in planar
gradient under electrical stimulation (10.0479 dB) is significantly higher (p-value

= 0.018958) than that under pneumatic stimulation (7.5072 dB).( Figure 22C).

Cluster analysis indicated statistically significant differences in the topography of
the M37 component between electrical and pneumatic stimulation conditions
when stimulus intensity was not normalized. Specifically, the amplitude of SEF
component M37 was higher under electrical stimulation than under pneumatic
stimulation (P<0.025, Figure 23A). After normalizing stimulus intensity, however,
the planar plots of the M37 component between electrical and pneumatic
stimulation conditions did not show a statistically significant difference (P>0.025,

Figure 23B).

Correlation analyses of the planar maps indicated that M37 under electrical and
pneumatic stimulation conditions exhibited significant correlation at both un-
normalized and normalized stimulus intensities. Moreover, the correlation at
normalized stimulus intensity was higher than for non-normalized ones (P<0.01,

Figures 24 and 25).
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Figure 22. Planar butterfly plots of SEF under electrical stimulation (ET) and pneumatic
stimulation (PT) of the tibial nerve; (A) Planar SEF butterfly plot and global mean field power
(GMFP) for ET (blue curve); (B) Planar SEF butterfly plot and GMFP for PT (red curve). Gray
bars represent the M37 component of the SEF. The dotted line in (A) and (B) indicates the
stimulation onset. (C) The signal-to-noise ratio (SNR) of the M37 component in planar gradient
under electrical (ET) and pneumatic stimulation (PT) of the tibial nerve.
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Figure 23. Cluster analysis of M37 component on planar topography; (A) Amplitude differences
of M37 planar under electrical stimulation and pneumatic stimulation without normalizing
stimulus intensity; (B) Amplitude differences of M37 topography under electrical stimulation
(EM) and pneumatic stimulation (PM), after normalizing stimulus intensity; Black dots indicate
sensors with significant amplitude differences between the two types of stimulation.
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Figure 24. Correlation analysis of M37 planar topography under electrical and pneumatic
stimulation without normalized stimulus intensity; (A) planar topography of M37 under electrical
stimulation, non-normalized stimulus intensity; (B) planar topography of M37 under pneumatic
stimulation, non-normalized stimulus intensity; (C) Statistical correlation of M37 planar
topography under electrical and pneumatic stimulation with non-normalized stimulus
intensities.
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Figure 25. Correlation analysis of M37 planar topography under electrical and pneumatic
stimulation with normalized stimulus intensity; (A) planar topography of M37 under electrical
stimulation, normalized stimulus intensity; (B) planar topography of M37 under pneumatic
stimulation, normalized stimulus intensity; (C) Statistical correlation in planar topography of
M37 under electrical and pneumatic stimulation with normalized stimulus intensities.
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3.6 Comparison of M20 and M37 latency under electrical and pneumatic

stimulation

In both the axial and planar topographies, the latencies of the M20 component
under pneumatic stimulation were significantly longer than under electrical
stimulation (P<0.05, Figure 26A and 26B). Similarly, for the M37 component, the
latencies under pneumatic stimulation were significantly longer than under
electrical stimulation in both axial and planar topographies (P<0.05, Figure 26C

and 26D).
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Figure 26. Latency differences of SEF components under electrical and pneumatic stimulation.
(A and B) The bar graphs show a significant delay in M20 latency under pneumatic stimulation
compared to electrical stimulation in axial and planar topographies (*P<0.05). (C and D) The
comparison of M37 latencies shows a significant delay in pneumatic stimulation in axial and
planar topographies (*P<0.05). *Indicates a statistically significant difference.
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4 Discussion

41 The effects of stimulation type on M20 and M37 waveform

characteristics

In this study, electrical stimulation yielded sharper waveforms with shorter

latencies for M20 and M37 components. In contrast, pneumatic stimulation

resulted in blurred or flat SEF waveforms, consistent with previous research

findings(Antonakakis et al., 2019). The specific reasons for the differences in M20

and M37 waveforms between these two stimulation types are as follows:

1.

SNR Differences:

Electrical stimulation in general produces a significantly higher signal-to-
noise ratio (SNR) compared to pneumatic stimulation, which results in
clearer waveforms in somatosensory evoked potentials or fields. A higher
SNR reduces the impact of background noise, allowing the true shape of
the signal to be more easily observed. This clarity enhances the
consistency of the waveforms across different trials, leading to sharper and
more reliable average waveforms. Additionally, a higher SNR helps
stabilize the timing of the waveforms, allowing for more accurate detection

of neural responses(Leonardelli, 2010, Derzsi, 2021).

. Differences in Conduction Pathways:

The neural conduction pathways differ significantly between electrical and
pneumatic stimulation, leading to variations in SEF waveform and latency.
Electrical stimulation directly activates deep receptors or nerve endings,
responsible for transmitting tactile and pressure sensations. This
stimulation leads to rapid signal transmission to the spinal cord, thalamus,
and primary somatosensory cortex (Sl) (Nakamura et al., 1998). This
conduction pathway produces faster and clearer neural response
waveforms. In  comparison, pneumatic stimulation activates

mechanoreceptors, which are hindered by skin and surrounding tissue
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interference, resulting in blurred SEF waveforms and slower propagation.

slower propagation (Antonakakis et al., 2019).

Compared to pneumatic stimulation, electrical stimulation produces clearer,
sharper, and more distinguishable SEF waveforms with higher SNR., making it
highly suitable for clinical diagnostics. In contrast, while pneumatic stimulation
elicits SEF waveforms that may appear blurred or flat, they resemble natural
tactile responses, thereby remaining valuable for exploring somatosensory input

and processing mechanisms.

4.2 The effects of stimulation type on M20 and M37 neural activation

patterns

The effects of different stimulation types on the waveforms of SEF components
M20 and M37 vary, yet the overall neural activation patterns remain highly similar.
The cluster results indicated that after normalizing the stimulus intensity, there
was no statistically significant difference in the activation amplitudes of M20 and
M37 between electrical and pneumatic stimulation. Planar topographies revealed
highly similar activation patterns for both M20 and M37 under both types of
stimulation, likely due to their capability to accurately depict source signals and
minimize noise effects(Niso Galan, 2013). However, the axial topography
correlation for M37 disappeared after normalization, indicating that axial
topography may be more sensitive to stimulation intensity. Thus, the conclusions
based on planar topography are prioritized, further confirming the high similarity

in neural activation patterns between the two stimulation types.

From a neurophysiological perspective, both electrical and pneumatic stimulation
transmit somatosensory information to the primary somatosensory cortex (Sl),
which processes cortical somatosensory input. Regardless of stimulation type,

the neural activation patterns generated in Sl are similar. This consistency in
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neuronal activation suggests that electrical and pneumatic stimulation may share
common neural generators.Previous studies have shown that electrical and
pneumatic stimulation can evoke similar sensory-evoked Sl responses, but
stimulus intensity's influence has often been overlooked (Nakamura et al., 1998).
Our study demonstrated that electrical and pneumatic stimulation elicited
comparable neural responses in the M20 and M37 components after normalizing

stimulus intensity.

This study investigates how electrical and pneumatic stimulation influences the
neural patterns of SEF components M20 and M37. Compared to axial topography,
planar topography effectively illustrates these correlations, minimizing noise and
accurately depicting neural activation patterns. Despite differing waveform
characteristics, both stimulation methods evoke similar overall neural activation

patterns.

4.3 The effects of normalized stimulus intensity on M20 and M37 neural

activation patterns

To reduce the effects of stimulus intensity on neural responses, we compared the
activation patterns of M20 and M37 under normalized and non-normalized
stimulus conditions. In the non-normalized condition, cluster analyses showed
that M20 under electrical stimulation exhibited higher amplitude than under
pneumatic stimulation. Similarly, the planar topography of M37 presented
comparable results. However, when stimulus intensity was normalized, the
difference in activation amplitude between electrical and pneumatic stimuli
disappeared. Under non-normalized stimulus intensity conditions, the correlation
between M20 and M37 responses for electrical and pneumatic stimulation was
higher, while this correlation significantly decreased under normalized
conditions.Previous studies have consistently demonstrated a positive correlation

between stimulus intensity and SEF, indicating that stronger stimulation elicits
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greater SEF responses(Gatica Tossi et al., 2013, Jousmaki et al., 1998). For
instance, the study by Mario A. Gatica Tossi et al. (2013) found that as stimulus
intensity increased, the SEF response of the median nerve also enhanced. In
comparison to their findings, although our experiment did not directly quantify
changes in stimulus intensity, the differences in intensity between electrical and
pneumatic stimulation may indeed influence neural responses. In the non-
normalized condition, neuronal responses showed stronger positive correlations,
reflecting the direct relationship between stimulus intensity and neural response
strength across different stimulus types. However, normalizing stimulus strength
attenuated this positive relationship, highlighting the fundamental correlation

between stimulus types in how they modulate neural activity.

On the other hand, cluster and correlation analyses showed that statistical
differences or correlations between electrical and pneumatic stimulation were
reduced after normalization. This reduction may be because normalization did
not improve the signal-to-noise ratio but amplified signals and noise equally. The
high noise level associated with pneumatic stimulation may have impacted the

statistical analysis, resulting in no significant differences.

Thus, this study demonstrates that stimulus intensity is a key factor influencing
the correlations and differences in neural responses. Under non-normalized
conditions, the activation patterns for both stimulus types were more similar
despite differences in amplitude. Once the stimulus intensity was normalized,
reducing the effect of intensity, it became evident that the two stimulus types were
intrinsically correlated in neural responses, with no significant differences in
amplitude. Nevertheless, the noise in the pneumatic condition could obscure
these differences, and the remaining high correlation indicates a correlation in

topographies even after normalization.
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5 Summary

Somatosensory evoked fields (SEFs) can be recorded following either electrical
or mechanical stimulation, allowing for the investigation of brain responses to
different somatosensory pathways. This study compares SEF components
elicited by electrical and pneumatic stimulation to assess whether pneumatic
stimulation could serve as an alternative to electrical stimulation, particularly for
reducing patient discomfort. Recordings of the M20 and M37 components were
obtained from 10 subjects under both types of stimulation. The analysis focused
on signal-to-noise ratio (SNR), SEF waveform characteristics, topographical

differences, and correlations.

The results demonstrated that: (1) Electrical stimulation produced clearer SEF
waveforms, shorter latencies, and higher SNR compared to pneumatic
stimulation; (2) After normalizing stimulus intensity, the topographies of M20 and
M37 components were highly correlated between electrical and pneumatic

stimulation.

In conclusion, while electrical stimulation remains the preferred method in clinical
settings due to its superior SNR, clearer SEF waveforms, and shorter latencies,
pneumatic stimulation offers potential as a research tool in neuroscience,
particularly for exploring natural tactile mechanisms and minimizing subject

discomfort.

Zusammenfassung

Somatosensorisch evozierte Felder (SEF) konnen sowohl nach elektrischer als
auch nach mechanischer Stimulation aufgezeichnet werden, was die
Untersuchung der Gehirnantwort auf unterschiedliche somatosensorische

Bahnen ermoglicht. Diese Studie vergleicht SEF-Komponenten, die durch
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elektrische und pneumatische Stimulation ausgel6st werden, um zu prufen, ob
pneumatische Stimulation als Alternative zur elektrischen Stimulation dienen
kann, insbesondere zur Reduzierung von Patientenbeschwerden.
Aufzeichnungen der M20- und M37-Komponenten wurden bei 10 Probanden
unter beiden Stimulationsarten durchgefuhrt. Die Analyse konzentrierte sich auf
das Signal-Rausch-Verhaltnis (SNR), die Charakteristika der SEF-Wellenformen,

topographische Unterschiede und Korrelationen.

Die Ergebnisse zeigten: (1) Elektrische Stimulation erzeugte im Vergleich zur
pneumatischen Stimulation klarere SEF-Wellenformen, kirzere Latenzen und ein
hoheres SNR; (2) Nach der Normalisierung der Stimulusintensitat waren die
Topographien der M20- und M37-Komponenten zwischen elektrischer und

pneumatischer Stimulation hoch korreliert.

Zusammenfassend bleibt die elektrische Stimulation aufgrund ihres Uberlegenen
SNR, der klareren SEF-Wellenformen und der kirzeren Latenzen die bevorzugte
Methode in klinischen Anwendungen. Die pneumatische Stimulation zeigt jedoch
Potenzial als Forschungsinstrument in der Neurowissenschaft, insbesondere zur
Untersuchung naturlicher taktiler Mechanismen und zur Minimierung von

Patientenbeschwerden.
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