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Abstract

Somatosensory attenuation (SMA) is a phenomenon where a self-generated
touch feels weaker than an externally generated touch of the same intensity.
The brain uses a forward model to predict the sensory consequences of our
actions and in turn attenuates the afferent sensory feedback of our own move-
ments. Even though SMA has been studied extensively, there is a lack of un-
derstanding of how the S1 multi-unit neurophysiology and the perception of

SMA are correlated .

In this study, we record the perceptual and sensorimotor Multi-Unit Ac-
tivity (MUA) of SMA in a chronically implanted SCI participant using a force
comparison paradigm. We hypothesize that the perception of SMA will corre-
late with the S1 MUA. That is, when the two taps are of the same intensity, the
S1 response for a self-generated tap will be lower than that of an externally
generated tap and when the two taps are perceived to be the same at the Point

of Subjective Equality (PSE), the S1 response will be the same for the two taps.
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ABSTRACT

Additionally, we also perform a behavioral healthy controls comparison of SMA

to study how SMA may vary between our SCI participant and healthy controls.

Contrary to our predictions, the perceptual and S1 neurophysiological am-
plification of self-generated force compared to an externally generated force
was observed in our SCI participant when the two forces were of the same in-
tensity. Importantly, we further found that there was a correlation between the
perception of the force and the S1 MUA. That is, when the self-generated tap
was perceived to be of a higher intensity compared to an externally generated
tap of the same force intensity, the S1 MUA was higher for the self-generated
tap compared to the externally generated tap. Similarly, when the two taps
were perceived to be of the same intensity (at different absolute force intensi-

ties) at the PSE, the MUA in S1 for the two taps were similar.

The result of our study suggests that an amplification of self-generated

stimulus is observed in our SCI participant and that the S1 MUA is related

to the behavioral perception of force intensity.
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Chapter 1

Introduction

Somatosensory attenuation (SMA) is a phenomenon wherein a self-generated
force feels weaker than an externally generated force of the same intensity*™.
Similar mechanisms also occur in other sensory domains such as the auditory
and visual domain where we suppress the auditory response of our own self-
produced speech (as compared to passively listening to the same speech)®’ and
suppress images on our retina as we saccade to maintain a stable image of our
environment®?, SMA helps us pay greater attention to external stimuli from

the environment by reducing the cognitive consequences of our own actions?.

In the somatosensory domain, several behavioral studies in humans have
shown that the perception of self-produced forces are perceived as less intense

than their true force™*¥, For example, when an externally generated tap on
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the left finger is synchronously timed with the execution of an input tap from
the right finger (simulating contact between the fingers), the perception of force
in the left finger is attenuated relative to an identical externally generated tap

without the corresponding input tap.

Several factors affect the magnitude of sensorimotor attenuation such as
the distance and timing of sensory feedback and experience®12 When a self-
generated force is applied from one hand to the other, if the distance between
the hand that moves and the hand that receives the afferent feedback is 25 cm
or more somatosensory attenuation is abolished. Similarly, if the timing of the
user’s movements and the sensory consequences of the tap are delayed and are

412 somatosensory attenuation is abolished. However, if the

not predictable
sensory consequences of a movement are altered in a predictable way, with suf-
ficient repetition, SMA re-emerges’? as the new timing relationship is learned.
This suggests that agency (i.e., the subjective ability of controlling one’s own

actions), which can be learned through experience, is a critical component of

SMA.

Additionally, some disorders of the central nervous system have also been

shown to alter SMA. Patients with multiple sclerosis and Parkinson’s Disease

13H15

lack SMA for self-generated forces . Likewise, patients with psychological
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disorders such as Schizophrenia have an absent somatosensory attenuation
and this loss of SMA is thought to contribute to the delusions of control in

these patients®.

It is theorized that the neural mechanisms of SMA arise from the inter-
nal forward model that the brain uses for planning and executing a move-

t21723 Every time we make a movement, a copy of the motor command

men
generated in the primary motor cortex (M1), called an efference copy, is sent
to other cortical areas such as the cerebellum and the primary somatosensory
cortex (S1). With this information the brain can predict the sensory conse-

quences of our own actions and attenuate the afferent sensory feedback of our

own movements, thereby increasing the saliency of external signals.

Many studies in humans have shown that there is a reduction in the so-
matosensory evoked responses in S1 preceding and following the actual active

movement162425

. For example, the amplitude of the somatosensory evoked po-
tentials (SEPs) and somatosensory-evoked magnetic fields are reduced before
the onset of movement2%2’, Similarly, blood oxygen level-dependent (BOLD)
response in S1 is reduced when the tactile stimuli are caused by one’s own

movement compared with when they are externally triggered®!128, In one an-

imal study with non-human primates (NHP), intracortical microstimulation
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(ICMS) of M1 prior to movement onset has been shown to reduce somatosen-

sory evoked neural activity in S1%%,

Though NHP data suggest that ICMS of M1 can suppress S1 activity evoked
by tactile feedback, no studies in NHPs nor humans have studied the role of S1
in SMA at a multi-unit neural level. Here we aimed to understand the S1 neu-
rophysiological correlate of SMA and how it relates with perceptual behavior.
We hypothesized that S1 MUA for a self-generated tap as compared to an ex-
ternally generated tap of the same force would be associated with a reduction
in S1 firing rate that would correlate with a reduced percept of somatosensa-

tion.

To test this hypothesis, we simultaneously recorded perceptual and S1 multi-
unit neural activity (MUA) during a bimanual, force comparison, self-touch
paradigm to compare self-generated and externally generated somatosensory
feedback. This was done in a chronically implanted human spinal cord injury
participant with intact sensation and residual motor abilities. Additionally, we
compared behaviorally how perceptual measures of SMA may vary between

our spinal cord injury participant and a group of healthy controls.



Chapter 2

Materials and Methodology

2.1 Experimental Paradigm

Using a custom-built device that simulates bimanual self-touch, we used a
two-alternative force choice (2AFC) task with the method of constant stimuli
to quantify somatosensory attenuation. Concurrently, we recorded from micro-
electrode arrays (MEAs) in bilateral sensorimotor areas in a chronically im-
planted spinal cord injury participant. In this paradigm, the participant kept
his right index finger at rest (palm facing inward toward his left hand) and the
back side of his left hand was resting next to the force sensor - in this way both
hands were closely aligned with the right hand resting in front of the left hand
(Fig [2.1). The participant received two taps 1000ms apart from each other on

the tip of his right index finger and was asked to report which tap felt stronger.
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The first tap (i.e. reference tap) was generated either by the participant with
a wrist-extension tap or externally generated by a motor, in both cases the ap-
plied force was at a fixed value of 2N. The second tap (i.e. comparison tap)
was always externally generated by a motor and consisted of a range of force
values: 1N, 1.5N, 1.75N, 1.9N, 2N, 2.1N, 2.25, 2.5N and 3N. In this way, the
paradigm included two conditions: an active movement and no-movement con-
dition. Before each trial, the participant was informed whether the subsequent
trial would be an ‘ active movement’ or ‘ no movement’ condition. In the ‘ active
movement’ condition, the participant was instructed to extend his left wrist to
generate a 2N tap against the force sensor in response to an auditory “Go” cue.
The active tap on the force sensor triggered a 2N reference tap on his right
index finger which was then followed by an externally generated comparison
tap. In the ‘ no movement’ condition, participant was instructed to relax his
left wrist in response to a “No Go” cue and received an externally generated
reference tap of 2N, followed by an external comparison tap on the right index
finger. For both the active and no movement condition, the participant was
asked to report which tap (reference or comparison) felt stronger after each
trial. There were a total of 360 trials completed across both conditions such

that each reference and comparison tap combination was repeated 20 times.

Note that the hand positioning and paradigm was specifically selected to
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maximize the residual motor function of the SCI participant’s left wrist in ad-
dition to his clinically normal sensory perception in his hands. To compare
whether SMA may be altered in our SCI participant, we additionally recruited
a group of healthy controls that performed the identical 2AFC paradigm as de-

scribed above. In this group only perceptual measures were collected.

Prior to the main experiment, all participants were trained to consistently
generate a 2N tap against the force sensor by extending their wrist. During
the experiment, participants’ performance was monitored continuously by the
experimenter and were provided with verbal feedback when they deviated by

more than +/-1N from the 2N target.

2.2 Participants

A 50-year old male with C5-C6 ASIA B tetraplegia (32 years post injury;
right hand dominant) was implanted bilaterally with six cortical microelec-
trode arrays (MEAs) in the his sensorimotor hand representations (NeuroPort;
Blackrock Microsystems, Salt Lake City, UT): four in the left hemisphere (2
in M1, 2 in S1-Pedestal A and Pedestal B), and two in the right (1 each in
M1 and S1- Pedestal C) (Fig[2.2). Each motor array consisted of 96, 4X4mm

channels (platinum tip) and each sensory array consisted of 32, 4X2.4mm chan-
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Figure 2.1: Hand Alignment and Experimental Paradigm: (A) Image
shows the hand positioning for the bimanual paradigm with both hands aligned
closely together. The custom-built device consisted of a force sensor, (LC61SP-
2KG@G, weight capacity, 2kgf) that was used to measure the force applied by the
participant. The taps are delivered to the pulp of the participant’s index fin-
ger using a 3D printed ABS probe (with a circular contact area of 25 mm?)
that is attached to an electric DC motor (Maxon RE 50). (B) Image shows the
active movement condition of the experimental paradigm. In the active move-
ment condition, participants actively tapped a force sensor with their left wrist
that generated a reference tap on their right index finger, which was then fol-
lowed by a second externally generated comparison tap. (C) Image shows the
no movement condition of the experimental paradigm. In the no movement
condition, participants remained relaxed and received a reference tap exter-
nally which is then followed by a second externally generated comparison tap.
In both conditions, after receiving both taps, the participants indicated which
of the two taps felt to be of a stronger intensity.



CHAPTER 2. MATERIALS AND METHODOLOGY

nels (sputtered iridium oxide film-tipped). Implantation placement of the ar-
rays was performed using a combination of pre-operative 7T structural and
functional MRI (fMRI) during attempted/executed arm and hand movements
to identify M1 locations and a novel intraoperative online functional mapping
technique with high-density electrocorticography (ECoG) to localize S1 finger-
tip representations (see McMullen et al. 2020 for more details on the implan-
tation procedure). Clinical assessments showed that the participant had intact
sensation to touch stimulation on all fingers. As a control, we also recruited
three healthy participants (Average Age 26.6 +/- 3.05), 2 Female) to complete
the behavioral portion of the experiments. This study was conducted under an
Investigational Device Exemption (IDE) by the FDA (G170010) and approved
by the Johns Hopkins School of Medicine and NIWC Pacific Institutional Re-

view Boards (IRBs).

2.3 Data Recordings and preprocessing

2.3.1 Force Recordings

The force data from the force sensor was recorded real-time at a sampling
rate of 1kHz on Quanser Q8-USB DAQ and on Neuroport Neural Signal Pro-

cessors (Blackrock Microsystems) using analog channels.



CHAPTER 2. MATERIALS AND METHODOLOGY

ANTERIOR ANTERIOR
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Figure 2.2: MEA implantation location: 6 MEAs were implanted in the
left and right hemisphere: three 96-channel arrays in bilateral motor cortex (2
(Pedestal A and Pedestal B) in left hemisphere and 1(Pedestal C) in right hemi-
sphere) and three 32-channel arrays in bilateral sensory cortex (2 (Pedestal A
and Pedestal B) in left hemisphere and 1(Pedestal C) in right hemisphere).
MEAs are shown in white, and the yellow dotted line represents the central
sulcus (reprinted from Tessy Thomas et. al, 2020).
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2.3.2 MUA data acquisition and preprocessing

Multiunit activity (MUA) was recorded at a sampling rate of 30kHz using
Neuroport Neural Signal Processors (Blackrock Microsystems). The recordings
for each channel were auto-thresholded at -3.5 times the root mean square volt-
age (RMS) of resting state activity. A high pass filter of 250 Hz was used for
spike processing. To align the neural and behavioral data and facilitate offline
analysis, we recorded four 4 analog events at 1kHz sampling rate on the Neu-
roport Neural Signal Processors: (1) auditory cue instructing the participant
about the type of trial (instruction cue), (2) auditory cue instructing “go/no go”
cue (Go/No-Go Cue), (3) reference tap (i.e. first tap provided to participant’s
index finger), (4) comparison tap (i.e. the second tap provided to participant’s

index finger) (Fig[2.3).

Prior to analysis, spiking times were binned into peri-stimulus time his-
tograms (PSTHSs) at a resolution of 0.5 ms. All neural activity measures are
based on raw PSTHs and only smoothened (using Gaussian kernels of width
300ms) for visualization purposes. Experimental software and analyses were
coded in MATLAB (MathWorks, Natick, MA). Channels whose activity was di-

rectly attributable to jaw muscle artifacts were excluded from further analysis.

11
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Figure 2.3: Neural activity response across time: The figure shows the
neural activity response across time for a single experimental trial. The four
black dashed lines represent the four analog event signals used to align the
neural data for offline analysis. The first analog signal is the auditory instruc-
tional cue, that instructs the participant about the type of trial. The second
analog signal is auditory Go/No Go cue. The third analog signal represents
the onset of the reference tap (tap 1), the fourth auditory cue represents the
onset of the comparison tap (tap 2). We considered four 500ms neural activ-
ity windows with respect to each of these four event signals (Baseline 1(BL1),
Baseline 2(BL2), Response 1(R1) and Response 2(R2)). Note: R1 could either
be an active movement reference tap or a no movement reference tap while R2
is always a comparison tap.

This was done by eliminating all trials in all microelectrode array channels
that had a neural firing rate above 150 spikes/s for a duration of 150ms or
more in any of the baseline or response windows that were considered in our
neural data analysis. (Note we decided to use this metric as our threshold to
determine trials attributed to jaw muscle artifacts by visually inspecting PETH

plots for various trials).

12
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2.4 Data Analysis

2.4.1 Characterizing Contralateral S1 Responses

to Movement Preparation

Neural activity from all contralateral sensory channels (i.e., left hemisphere
(Pedestal A and B)) were calculated as the average firing rate per trial over a
fixed 500ms time window. We identified two regions of interest to examine
preparatory activity: Baseline 1 (B1) and Baseline 2 (B2). B1 represented the
true baseline neural activity (i.e., time period in which the participant was
naive to the type of trial that would follow) and was calculated as the average
firing rate from -500ms to Oms relative to the instructional cue. B2 represented
the preparatory baseline (i.e., time period in which the participant was antic-
ipating either an active or no movement trial) and was calculated as -500ms
to Oms relative to the Go/No-Go cue. Changes in B1 and B2 for the active
movement condition were used to assess whether there were any shift in the
baseline firing rate prior to the instructional cue as compared to prior to move-

ment onset.
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2.4.2 Characterizing Contralateral S1 Responses

to Sensory Taps

Response activity to the reference tap (R1), from all contralateral sensory
channels, was calculated as the average firing rate from -200ms to 300ms rel-
ative to the first tap; responsive activity to the comparison tap (R2) was cal-
culated as the average firing rate from -200ms to 300ms relative to the second
tap. Presence of a significant response to the tap stimuli was detected by com-
paring the R1 firing rate to the B1 firing rate using a two-sided statistical test.
If the channels exhibited a normal distribution of firing rates, we used a paired
sample t-test, otherwise we used a two-sided Wilcoxson signed-rank test. We
control for multiple comparisons across channels using the false discovery rate
(FDR) [Benjamini & Hochberg, 1995]. Channels that had a significant change
in R1 as compared to B1 were defined as ‘active channels’. For all ‘active chan-
nels’ (i.e., channels that showed a significant change in activity to the response
tap), we calculated a Magnitude of Response (MOR) for each tap stimuli (ref-
erence and comparison) separately. This consisted of calculating the average
response window activity from Oms to 250ms relative to the tap stimulus and
subtracting a shortened B1 activity (from -250ms to Oms relative to instruc-
tional cue). In this way the MOR for each channel was compared between tap

stimuli across three scenarios:
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Matched force where we compared the MOR between the active and no
movement trials that received a 2N reference tap. This allowed a direct
comparison between the MOR of trials that received the same absolute
force value but whose forces were either self- or externally generated,

and thus perceived as different.

Matched perception where we compared the MOR between the active
reference tap (i.e., 2N) and the comparison tap that had a value similar
to the point of subjective equivalence (PSE). In other words, we compared
the MOR of trials that received different absolute force values but were

perceived as being similar.

All comparison forces where we calculated the MOR for all the com-
parison force values in both the active and the no-movement condition.
This was done to compare the S1 neural response to the different force

intensities.

Note that for the matched-force and the matched-perception comparison
scenario, the channels that were flagged as being significantly modulated
(marked as being “active”) were based on the 2N active reference tap stim-
ulus whereas for the no movement forces, the channels that were flagged

as being significantly modulated (marked as being “active”) were based
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on the highest force comparison tap (3N).

2.4.3 Quantifying Somatosensory Attenuation

The participants’ responses for both the active and the no movement condi-
tion, were independently fitted with a standard logistic function, using equa-
tion

F(z:a,8) = 1/(1 + exp(—f * (x — ) (2.1)

Where parameter « corresponds to the threshold: F(z = «o,«,3,) = 0.5
parameter $ determines the slope of the psychometric function; and = corre-
spond to the signal. We then extracted the point of subjective equality (PSE)
from each fitted curve by obtaining the intensity at which the reference tap
felt as strong as the comparison tap (p = 0.5). PSE represents the intensity at
which the reference tap felt as strong as the comparison tap and became our
main variable of interest. Using the PSE of each condition, we defined SMA
as the difference in PSE between the active (PSEa) and no movement (PSEp)

conditions ( equation [2.2)

SMA = PSEa — PSEp (2.2)
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2.5 Statistical Analysis

2.5.1 Calculating difference in MOR across con-
dition

We compared the MOR across three comparison scenarios: matched-force
(i.e. 2N active reference vs 2N no movement reference), matched-perception
(i.e. 2N active reference vs no movement PSE force, the active and no move-
ment force values for which the participant perceived them as being the same),
and all no movement forces. For the matched-force comparison scenario, we
used a paired t-test for channels with a normal distribution, otherwise a two-
sided Wilcoxson signed-rank test. For the matched-perception scenario, we
used a unpaired t-test for channels with a normal distribution, otherwise a
two-sided Wilcoxson signed-rank test. For the two scenarios, this was per-
formed at both the individual channels to show which channels showed signifi-
cant changes between the scenario comparisons as well as a calculated average
across all active channels. For the no movement forces, a one-way ANOVA with
follow-up post hoc analyses where appropriate was used. Further, we used a

linear regression fit in order to look at the relation between the no movement

comparison forces and the average MOR response to these force values.
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In addition, we compared the change in MOR for the two comparison scenar-
ios -matched-force and matched-perception to look for statistically significant
differences in the average MOR between conditions. In both cases, we used
a two-sided statistical test (for channels with a normal distribution, a paired

t-test, otherwise a two-sided Wilcoxon signed-rank test).

2.5.2 Calculating difference in the neural firing

rate between Baseline 1(B1) and Baseline

(B2)

For comparing the difference in the neural firing rate between B1 and B2
for Pedestal A and B combined for all the trials in the active movement condi-
tion, we used a paired t-test to compare the average neural firing rate in the

two baselines for all the channels .

All data are given as means + SEM. Effects were considered significant if

p<0.05.
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Chapter 3

Results

3.1 Comparison of behavioral perception
of SMA in SCI participant and healthy

controls

We used a psychometric curve to quantify SMA behaviorally. As shown in
Figure [3.TA, in our SCI participant, we see a perceptual amplification of tap
that is generated by the voluntary movement of his hand. Here, the PSE for
the active movement was 2.11N, meaning that the 2N self-generated tap is per-
ceived to be equivalent to 2.11N externally generated tap. In the no movement
condition, the PSE was 1.99N. Therefore, we quantify the change in PSE as
+0.12 N amplification in our SCI participant. In contrast, as shown in Figure
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3.1B, in the healthy controls the average PSE for the active movement was
1.747N, meaning that the 2N self-generated tap is perceived to be equivalent
to 1.747N externally generated tap. On the other hand the average PSE for the
no movement condition is 1.864N. Therefore, we quantify the change in PSE as

-0.117N attenuation in our healthy controls.

3.2 Matched-force comparison: Compar-
ison of contralateral S1 MUA in re-
sponse to 2N active reference tap and

2N no movement reference tap

Figure shows that the neural response in contralateral S1 for the self-
generated reference tap is greater than the S1 neural response for the exter-
nally generated reference tap of the same force intensity (i.e., 2N). Several
sensory channels in the contralateral hemisphere show a significant difference
in MOR between the self-generated 2N active reference tap and the externally
generated 2N no movement reference tap (Figure [3.2A) even though they are

of the same force-intensity. As shown in Figure [3.2B, the S1 neural response
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A. SCI participant B. Healthy participants C. Change in PSE

on force being higher
force being higher

I
J

SCI participant PSE change

B Active Movement No Movement Healthy participants PSE change

Probability of the comparis
Probability of the comparison

Figure 3.1: Behavioral response for SMA in healthy participants (n=3)
and SCI participant: A) The psychometric curve for the SCI participant. The
psychometric curve in the active movement condition shifts towards the right
indicating a perceptual amplification of self-generated tap when compared to
an externally generated tap of the same force intensity of 2N in SCI partici-
pant. The x axis denotes the comparison force values and the y-axis denotes the
probability that the comparison force is higher than the reference force. Green
line represents the no-movement condition, and the red line represents the ac-
tive movement condition. B) Psychometric curve for healthy participants. The
psychometric curve in the active movement condition shifts towards the left
indicating a perceptual attenuation of self-generated tap when compared to an
externally generated tap of the same force intensity of 2N in healthy partici-
pants. The x axis denotes the comparison force values and the y-axis denotes
the probability that the comparison force is higher than the reference force.
Green line represents the no-movement condition, and the red line represents
the active movement condition. C) Bar graph showing the change in PSE be-
tween the active movement and no movement condition. SCI participant PSE
for active movement condition is 2.11N and the PSE for no movement condi-
tion is 1.99N (SMA=+0.12N (yellow)). For healthy participants, average PSE
for active movement condition is 1.747 and PSE for no movement condition is
1.864 (SMA=-0.117(light purple)). y-axis denotes the change in PSE.
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for an example sensory channel (highlighted in pink in Figure show that
the neural response to the tap that is generated by the voluntary movement
of the participant’s hand (active movement) was significantly higher than the
S1 neural response for the externally generated tap (no movement condition)
of the same force intensity of 2N. The average MOR across all active channels
for the self-generated tap was significantly larger compared to the externally
generated tap of the same force intensity (***p < 0.001). This is in accordance
with what was observed behaviorally in the psychometric curve (Figure [3.1A)
where the active reference tap of 2N was perceived to be of a higher inten-
sity and had a higher PSE in comparison to the no movement reference tap of
2N. Therefore, our SCI participant showed an amplification of self-generated
tap when compared to an externally generated tap of the same force-intensity
both perceptually and neurophysiologically in his multi-unit contralateral S1

activity.
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Figure 3.2: Matched-force comparison- S1 response for active move-
ment reference tap and no movement reference tap at force intensity
of 2N: A) Represents the sensory MEAs in the participants contralateral hemi-
sphere (top from Pedestal A and bottom from Pedestal B). Channels that are
highlighted in blue represent a significant difference in the magnitude of re-
sponse (MOR) between the active movement and no movement reference tap
of 2N. An example PETH for the channels is marked by a pink circle and ex-
panded upon in 3.2B. B) Example PETH plots of two channels that show signif-
icant difference in the MOR in Pedestal A (top) and B (bottom) show the neural
response in S1 to the active movement reference tap at 2N (in red) and the no
movement reference tap at 2N (in green). The dashed black line represents
the time of the tap stimulus onset (reference tap). The x-axis denotes the time
(in s) and y-axis denotes the firing rate in spikes/s. C) The bar graph shows
the average MOR (mean+/-SEM) for the active movement reference tap of 2N
(red) and the no movement reference tap of 2N (green). The average MORs for
the active movement was significantly higher than the no movement condition
for both pedestal A and B (***p<0.001). y-axis denotes the average MOR in
spikes/s.
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3.3 Matched-perception comparison: Com-
parison of contralateral S1 MUA for
self-generated tap of 2N and exter-

nally generated tap at the PSE

Figure shows that the neural response in contralateral S1 for the 2N
self-generated reference tap is similar to the S1 neural response for the exter-
nally generated comparison tap at the point of subjective equality (2.1N). No
sensory channels in Pedestal A show a significant difference in MOR between
the self-generated 2N active reference tap and the externally generated 2.1N
comparison tap and only one sensory channel in Pedestal B show a significant
difference in MOR between the self-generated 2N active reference tap and the
externally generated 2.1N comparison tap (Figure [3.3/A) even though they are
of different absolute force intensities. As shown in Figure [3.3B, the S1 neural
response for an example sensory channel (highlighted in pink in Figure
show that the neural response to the tap that is generated by the voluntary
movement of the participant’s hand (active movement) was similar to the S1
neural response for comparison tap of 2.1N. The average MOR across all active

channels for the self-generated tap was not significantly different compared to
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the externally generated tap of 2.1N. (p=0.6866) in pedestal A and was signif-
icantly different in pedestal B (p=0.03) (Figure [3.3C) . This is in accordance
with what was observed behaviorally in the psychometric curve (Figure [3.1A)
where the active reference tap of 2N was perceived to be equal to an externally
generated tap of 2.11N. Therefore we see a correlation between the behavioral

perception and the neural response in S1 to these two forces.

3.4 Change in the MOR for matched-force
and matched-perception: Compari-
son between A MOR for matched-force

and matched-perception

We subsequently compared the change in the average MOR between the two
matched-perception and compared it to the change in average MOR between
the two matched-force conditions (Figure [3.4). We found that the magnitude
of change was significantly higher for the matched-forces condition than the
matched-perception condition for both Pedestal A (p<0.001) and pedestal B

(p<0.001).

25



CHAPTER 3. RESULTS

A. = Channels with significantly B. — Active movement reference tap (2N) C. B Active movement reference tap (2N)
different MOR between the Comparison tap (PSE: 2.1N) = Comparison tap (PSE: 2.1N)
active movement reference
tap(2N) and comparison
tap at PSE 2.1N 20

n.s.

o

=

FR(spikes/s)

Ped. A

2]

7

\/\ 10

01 02 03 04 05
time(s)

=}

-5
02 -01

Ped. B

FR(spikes/s)
Avg. MOR
[+]

01 02 03 04 05 0
time(s)

S0
o
o
Ok ====

Figure 3.3: Matched-perception comparison: S1 multi-unit neural re-
sponse for 2N active reference tap and comparison tap at PSE (2.1
N comparison tap): A) Represents the sensory MEAs for Pedestal A (top)
and B (bottom) sensory channels of the contralateral hemisphere. No chan-
nels in Ped A showed a significant difference in the MOR between the two
matched-perception conditions and only 1 channel in pedestal B (highlighted
by blue) showed a significant difference in the MOR between the two condi-
tions (p<0.05). B) Example PETH plots of channels highlighted by pink circle
in figure 3.3A. The peak S1 response to the two matched-perception forces ap-
pear similar. The dashed black line represents the time of the tap stimulus
onset (reference tap/ comparison tap). The x-axis denotes the time (in s) and
y-axis denotes the firing rate in spikes/s . C) The bar graph shows the aver-
age MOR (mean+/-SEM) for the active movement reference tap (red) at 2N and
the 2.1N PSE comparison tap (green). There was no significant difference in
Pedestal A between the active movement reference tap of 2N (red) and the PSE
comparison tap at 2.1N (green), (p=0.6866), however, there was in Pedestal B,
with 2N reference tap average MOR (red) showing a significant increase com-
pared to the 2.1N PSE (green) (p=0.03). y-axis denotes the average MOR in
spikes/s. ( *p <0.05 denoting significantly different, n.s denotes not signifi-
cantly different)
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Figure 3.4: Change in average MOR(A) between the matched-force
and the matched-perception conditions: A) Shows the change in average
MOR between the matched-force condition (2N active ref. Vs 2N no move-
ment ref.) and the matched-perception condition (2N active ref. Vs 2.1N
(PSE) comparison) in pedestal A. The change in MOR was significantly greater
in the matched-force condition as compared to matched-perception condition
(***p<0.001). B) Shows the change in average MOR between the matched-force
condition (2N active ref. Vs 2N no movement ref.) and the matched-perception
condition (2N active ref. Vs 2.1N (PSE) comparison) in pedestal B. Similarly,
there was a significantly greater change in MOR for the matched-force as com-
pared to matched-perception condition. (***p<0.001). y-axis denotes the aver-
age MOR in spikes/s.

The change in the average MOR (A) for the matched-force comparison is
more than the matched-perception condition. Which implies that the percep-
tion of the self-generated tap is correlated to the S1 multi-unit neural response
to that tap. That is when the participant perceives the self and externally
generated tap of the same force intensity to be different, the S1 multi-unit re-

sponse shown by the average MOR to the two 2N tap which is self-generated
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and externally generated is also different. (Higher change in MOR). But at the
point of subjective equality (PSE), when the participant perceives the self and
externally generated tap to be the same, the S1 multi-unit response to the two

taps is more similar - as shown by lower changes in average MOR.

3.5 Average MOR response for all no-
movement comparison force inten-
sities

Figure [3.5|shows the average contralateral S1 MOR response to all the no-
movement force intensities.

Using a one-way ANOVA comparing the MOR across different force inten-
sities, we found a significant effect for force for both Pedestal A and B, showing
that the S1 multi-unit neural response varies depending on the force inten-
sity of the tap provided to the participant’s index finger in both the pedestals.
For pedestal A (F=8.28, p<.01), the MOR for 3N is significantly higher than
1IN (p<0.001), 1.5N (p<0.001), 1.75N (p<0.001), 1.9N (p<0.01), 2N (p<0.001),

2.25N (p<0.01) and 2.5N (p<0.01). The MOR for 2.1 N is significantly higher

than 1N(p<0.001), 1.5N (p<0.01), 1.75N (p<0.05) and 2N(p<0.05). For pedestal
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B (F=7.69, p<0.01), the MOR for 3N is significantly higher than 1N (p<0.001),
1.5N (p<0.001), 1.75N (p<0.001), 1.9N (p<0.001), 2N (p<0.001), 2.25N (p<0.001)
and 2.5N (p<0.001). The MOR for 2.1 N is significantly higher than 1.5N
(p<0.05), 1.75N (p<0.01), and 2N (p<0.001).

We used a linear regression fit to compare the relation between the com-
parison forces and the average MOR response to these forces. For pedestal
A, we got a R-squared value of 0.682 and p<0.001. For Pedestal B, we got a
R-squared of 0.399 and p value of 0.068. This implies that there is a linear
relation between comparison force value and MOR response in pedestal A and
a general increase in MOR response with comparison force values in pedestal

B.

3.6 Preparatory neural activity: Com-
parison between average neural fir-
ing rate in baseline 1(B1) and base-

line 2 (B2)

No significant difference was observed between the average firing rate in

B1 and B2. (p=0.85) as shown in Figure 3.6
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Figure 3.5: Average contralateral S1 MOR response for all comparison
forces: A) Bar graph represents the Average MOR (+/-SEM) for all the differ-
ent comparison force intensities (1N, 1.5N, 1.75N, 1.9N, 2N, 2.1N, 2.25N, 2.5N,
3N) in pedestal A (*p<0.05, **p<0.01, ***p<0.001). y-axis denotes the average
MOR in spikes/s. B) Bar graph represents the Average MOR+-SEM for all the
different comparison force intensities (1N, 1.5N, 1.75N, 1.9N, 2N, 2.1N, 2.25N,

2.5N, 3N) in pedestal B (*p<0.05, **p<0.01, ***p<0.001). y-axis denotes the
average MOR in spikes/s.
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Figure 3.6: Comparison of the average firing rate between B1 and B2:
Bar graph represents the average firing rate (+/-SEM) in B1 (purple) and the
average firing rate (+/-SEM) in B2 (beige) for pedestal A and B combined. The
y-axis denotes the average firing rate in spikes/s. (n.s (not significant) )
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Chapter 4

Observation and Conclusion

4.1 Observation

In this study, we aimed to understand the S1 neurophysiological correlate
of SMA and how it relates with perceptual behavior. The results of our study
demonstrate that the SCI participant in our study showed an amplification of
his self-generated tap when compared to an externally generated tap of the
same force intensity both perceptually and neurophysiologically in S1. Behav-
iorally, our SCI participant perceived his self-generated tap to be of a higher
intensity than the externally generated tap of the same force intensity. Sim-
ilarly, the multi-unit neural activity in S1 was greater for his self-generated
tap when compared to an externally generated tap of the same force intensity.

Furthermore, we showed that when the participant perceived the self and ex-
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ternally generated taps to be of the same intensity, the S1 MUA was similar for
the two forces. On the other hand, our healthy controls showed a perceptual
attenuation of their self-generated tap when compared to an externally gener-

ated tap of the same force intensity.

The attenuation of self-generated forces that was seen in healthy controls is
consistent with previous work#1L, However, the amplification of self-generated
forces in our SCI participant was contrary to our predictions. No study to
date has looked at sensorimotor attenuation in SCI participants and our un-
derstanding of the interaction between the sensory and motor systems in SCI
patients that play a pivotal role in the underlying mechanisms of SMA is lim-
ited. There are three possible, though non-mutually exclusive, reasons for
the observed amplification in our participant: attention to self-stimuli, lim-

ited agency, and cortical reorganization.

Attenuation of the sensory consequences of self-generated movements in
healthy controls is an important mechanism to heighten salience of stimuli
arising from the environment and to reduce the cognitive load arising from the
sensory consequences of self-generated stimuli?. Since SCI patients must pay
more attention to their own bodily movements to improve their motor abili-

ties®Y3L it is possible that their nervous system amplifies the perceptual con-
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sequences of their own actions to highlight self-generated actions rather than
the environment. Indeed, the heightened attention to bodily sensations has
shown to cause somatosensory amplification in patients with somatoform dis-
orders which are a group of psychological conditions where patients experience
bodily physical sensations and pain without any underlying medical diagno-
sis®%33 It is possible, therefore, that patients with SCI amplify, rather than

attenuate, the sensory consequence of their own movements to improve their

motor control.

Agency and body ownership are key factors contributing to somatosensory

S84 SCI patients, however, have disownership and feelings of

attenuation
detachment from their own body“>#®, SCI patients commonly experience invol-
untary movements such as tremor, increased hyperreflexia, clonus, as well as
muscle spasms and spasticity®’. In addition, they commonly experience phan-
tom sensations (i.e., phantom limb and phantom pain) and neuropathic pain
below the site of their spinal cord injury, where they have a complete loss of sen-
sory input®®3?, It is possible, therefore, that the observed somatosensory am-
plification indicates lower agency and body ownership in SCI. In line with this
idea, other neurodegenerative disorders that induce involuntary movements

and loss of motor control, such as multiple sclerosis (MS)1%15 and Parkinson’s

disease (PD)4, do not show somatosensory attenuation of self-generated move-
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ments. Thus, the lack of agency over voluntary movements observed in our
SCI participant could cause an amplification instead of an attenuation of self-

generated stimuli.

The functional connectivity between S1 and other brain regions plays an
important role in SMA"., The shift in cortical activation patterns and neu-
ral pathways following SCI could alter the underlying mechanisms of SMA in
SCI patients. Cortical reorganization and neural plasticity of neural networks
is commonly observed following the spinal cord injury in patients in order to
compensate for the lost sensory and motor functions*®#2 .| This leads to the
development of new neural networks and pathways in these patients. For ex-
ample, there is a posterior shift in the neural activity in the cortex following
SCI. Green et al. (1999)4% have proposed that an increased loss of axons in M1
following SCI may lead to surviving axons from S1 contributing to the dam-
aged corticospinal tract, thus leading to a greater activity in S1. Furthermore,
SCI has shown to cause a distortion in the input/output signal transmission
and reduction in the functional connectivity between M1 and S1“4L. All these
changes in the sensorimotor cortex can alter the mechanisms of SMA that are

found to occur in healthy individuals.

Importantly, in this study we found that the perceptual intensity of the
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tap stimuli correlates with the magnitude of the multi-unit neural response
in S1. In our study, we observed that when the participant perceived his self-
generated force of 2N to be higher than an externally generated force of 2N,
the S1 neural response to the self-generated tap of 2N was significantly higher
than the neural response to the externally generated tap of 2N. Similarly, when
two different force intensities were perceived to be similar (i.e., at the PSE),
the S1 multi-unit neural response to the two forces was also similar. This is
consistent with what has been observed previously in the literature. Kiteni
et. al showed that behavioral perception of stimuli correlates to the blood oxy-
gen level-dependent (BOLD) response in the right and left supramarginal gyri.
That is, when the touch is perceived to be of a lower intensity, the blood oxy-
gen level-dependent (BOLD) response is also lower, and the BOLD response
is higher when the touch is perceived to be of a higher intensity. Similarly,
sensory evoked potentials in S1 of healthy participants are smaller for self-
generated forces than an externally generated force of the same intensity*#4°,
Similar results were also shown in healthy NHP model by Jiang et al. where

they showed an attenuation of S1 multi-unit activity following ICMS on M1

prior to movement onset??,

Our study shows interesting results about the perception and S1 multi-unit

response to self-generated and externally generated stimuli in SCI patients
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and how they are different from healthy controls. The understanding of sen-
sory response to different types of stimuli following spinal cord injury would
help in the development of new rehabilitation plans for not only patients with
SCI but also for patients with other neurological disorders and stroke. Loss
of agency over voluntary movements in patients with neurological diseases is
found to increase with the progression of the disease*%4’, Therefore, SMA score
could be used clinically as a tool to quantify the progression of the disease or to
measure improvements in motor control in these patients following rehabilita-
tion. Further, it can also be used in the development of better prosthesis and

BMI-controlled devices that could be more embodied by these patients.

4.2 Limitations and Next Steps

Our sudy only looks at the data from a single SCI participant. A larger sam-
ple size is important to strongly conclude amplification of self-generated forces
in comparison to externally generated forces in SCI patients. The extent and
the degree of the spinal cord injury might vary the results that we see in this
study. The sample size of healthy controls in our study was small(n=3). The
next steps would be to conduct the study on a larger healthy controls sample.

We also plan on studying SMA behaviorally on other SCI participants.
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In our current analysis we did not see a significant difference in the instruc-
tional and preparatory baselines. As a next step, we will look specifically at the
channels with large modulations for the self-generated tap and see if we can
find any difference in the instructional and preparatory baseline firing rate.
We will also look for the presence of efference copy in S1 after movement onset

for the self-generated movement condition.

4.3 Conclusion

Our current study compares the behavioral and the S1 multi-unit neuro-
physiological correlation of SMA in a chronically implanted SCI participant.
The results of our study suggest that an amplification of self-generated forces
compared to externally generated force of the same intensity (somatosensory
amplification) is seen in our SCI participant and that there is a similar rela-
tionship between the change in multi-unit neural activity to a force in S1 and
the behavioral perception of that force. These findings of our study would help
in better understanding the S1 somatosensory neurophysiology in general and
particularly in SCI patients and would help in the development of more effec-
tive rehabilitation plans for patients affected by spinal cord injury, stroke, and

other neurodegenerative disorders.
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