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Abstract.

Background: While functional near-infrared spectroscopy (fNIRS) can provide insight into cortical brain activity during
motor tasks in healthy and diseased populations, the feasibility of using fNIRS to assess haemoglobin-evoked responses to
reanimated upper limb motor function in patients with tetraplegia remains unknown.

Objective: The primary objective of this pilot study is to determine the feasibility of using fNIRS to assess cortical signal
intensity changes during upper limb motor tasks in individuals with surgically restored grip functions. The secondary objec-
tives are: 1) to collect pilot data on individuals with tetraplegia to determine any trends in the cortical signal intensity changes
as measured by fNIRS and 2) to compare cortical signal intensity changes in affected individuals versus age-appropriate
healthy volunteers. Specifically, patients presented with tetraplegia, a type of paralysis resulting from a cervical spinal cord
injury causing loss of movement and sensation in both lower and upper limbs. All patients have their grip functions restored
by surgical tendon transfer, a procedure which constitutes a unique, focused stimulus for brain plasticity.

Method: fNIRS is used to assess changes in cortical signal intensity during the performance of two motor tasks (isometric
elbow and thumb flexion). Six individuals with tetraplegia and six healthy controls participate in the study. A block paradigm
is utilized to assess contralateral and ipsilateral haemodynamic responses in the premotor cortex (PMC) and primary motor
cortex (M1). We assess the amplitude of the optical signal and spatial features during the paradigms. The accuracy of
channel locations is maximized through 3D digitizations of channel locations and co-registering these locations to template
atlas brains. A general linear model approach, with short-separation regression, is used to extract haemodynamic response
functions at the individual and group levels.
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Results: Peak oxyhaemoglobin (oxy-Hb) changes in PMC appear to be particularly bilateral in nature in the tetraplegia group
during both pinch and elbow trials whereas for controls, a bilateral PMC response is not especially evident. In M1 / primary
sensory cortex (S1), the oxy-Hb responses to the pinch task are mainly contralateral in both groups, while for the elbow
flexion task, lateralization is not particularly clear.

Conclusions: This pilot study shows that the experimental setup is feasible for assessing brain activation using fNIRS during
volitional upper limb motor tasks in individuals with surgically restored grip functions. Cortical signal changes in brain
regions associated with upper extremity sensorimotor processing appear to be larger and more bilateral in nature in the
tetraplegia group than in the control group. The bilateral hemispheric response in the tetraplegia group may reflect a signature
of adaptive brain plasticity mechanisms. Larger studies than this one are needed to confirm these findings and draw reliable

conclusions.

Keywords: Spinal cord injury, tendon transfer, plasticity, motor cortex, functional near-infrared spectroscopy.

1. Background

The human brain is controlled through large-scale
neural networks between cortical regions of which
the primary motor cortex (M1) is the principal area
involved in controlling volitional movements (Chiou
et al., 2013; Heming et al., 2019). Unilateral body
movements are mainly controlled by contralateral
cortical regions (Lee et al., 2019; Nardone et al.,
2013; Yangetal., 2020; Yokoyamaetal.,2019). How-
ever, the presence of ipsilateral cortical involvement
in unimanual tasks has been repeatedly demonstrated
in previous studies (Bruurmijn et al., 2021; Buete-
fisch et al., 2014; Bundy and Leuthardt, 2019; Chen
et al., 1997; Chiou et al., 2013; Heming et al., 2019;
Matsumoto et al., 2021; Schwartz, 2016; WisnesKki et
al., 2008). Nevertheless, the extent or magnitude of
this relationship has not been definitively established
(Derosiere et al., 2014), due in part to discrepancies
among studies in the time course and localization of
activity (Huang et al., 2004). As an example, it has
been demonstrated that unilateral finger movement
produces ipsilateral activation in the premotor area
rather than in M1 (Cramer et al., 1999; Huang et al.,
2004), which is consistent with the findings of another
study (Dassonville et al., 1998).

Previous findings suggest that the ipsilateral motor
cortex activation in unilateral motor tasks may reflect
part of a bilateral network involved in the planning
and/or execution of volitional motor tasks in the ipsi-
lateral hand (Bundy and Leuthardt, 2019; Derosiere
et al., 2014; Horenstein et al., 2009). Previous neu-
roimaging studies point to a role of the ipsilateral
motor and premotor cortex in complex and highly
precise tasks as well as in movements that require
multiple joint coordination (Barany et al., 2020;
Verstynen et al., 2005; Wilkins and Yao, 2020). A
growing volume of research suggests that the com-

pensatory cerebral mechanisms of volitional motor
control following a stroke involve increased activa-
tion of ipsilateral cortical regions (Askim et al., 2009;
Favre et al., 2014; Johansen-Berg et al., 2002; Van
Dokkum et al., 2018; Werhahn et al., 2003). Sim-
ilarly, it has been proposed that the ipsilateral M1
plays a significant role in compensating for functional
deficits and mediating functional motor recovery in
paretic hands after cervical spinal cord injury (SCI)
(Lundell et al., 2011; Nardone et al., 2013).

A large number of neuroimaging studies have been
conducted to explore the neural basis of motor per-
formance by means of a variety of techniques, such
as functional magnetic resonance imaging (fMRI),
electroencephalography (EEG) and transcranial mag-
netic stimulation (TMS). Functional near-infrared
spectroscopy (fNIRS) has emerged as a valid and
particularly accessible neuroimaging modality that
enables researchers to investigate cerebral oxygena-
tion in response to various stimuli such as motor
execution (Derosiere et al., 2014; Herold et al.,
2017; Shibuya and Kuboyama, 2007; Shibuya et
al., 2008). As with fMRI, fNIRS measures the rel-
ative concentration of oxygenated and deoxygenated
haemoglobin (oxy-Hb/deoxy-Hb) and thus has the
potential to elucidate some key issues concerning the
basis of vascular response (Steinbrink et al., 2006).
The emergence of fNIRS has increased the flexibility
of measurements with respect to the populations and
the specific behaviours that can be investigated (Leff
etal., 2011).

We conducted a pilot study to determine the fea-
sibility of using fNIRS to assess cortical signal
intensity changes during upper limb motor tasks in
individuals with surgically restored grip functions.
The secondary objectives were 1) to collect pilot
data on individuals with tetraplegia to determine
any trends in cortical signal intensity changes as
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measured by fNIRS and 2) to compare cortical sig-
nal intensity changes in affected individuals versus
age-appropriate healthy volunteers. Specifically, the
patients in our study presented with tetraplegia, a type
of paralysis resulting from a cervical SCI causing loss
of movement and sensation in both lower and upper
limbs. All patients had their grip functions restored
by surgical tendon transfer, a procedure which con-
stitutes a unique, focused stimulus for brain plasticity
(Bunketorp Kall et al., 2018).

2. Methods
2.1. Study design and participants

fNIRS was used to assess oxy-Hb signal changes
of cortical activation during the performance of two
right-sided motor tasks in patients with sensorimo-
tor impairment and in healthy controls. The study
included six right-handed males with tetraplegia and
amean age of 40 (range: 31-48) who underwent grip
reconstruction surgery on their dominant right hand
between 2005 and 2014 at Sahlgrenska University
Hospital in Gothenburg, Sweden. By transferring the
brachioradialis (BR) tendon to the paralyzed right
thumb flexor, the flexor pollicis longus (FPL) and
original function (thumb flexion) was restored. A
gender- and age-matched control group, all right-
handed, was recruited. The control group had a mean
age of 39 (range: 29-46). Eligibility criteria were:
1) the surgery must have been performed at least
one year prior to inclusion and must have included
restoration of thumb flexion with the goal of recon-
structing an active key pinch by a BR-to-FPL tendon
transfer. More than one tendon transfer performed
to restore key pinch caused exclusion. Other tendon
transfer procedures on the same upper limb were
allowed; however, 2) no motor function below the
wrist, such as on the finger and/or thumb extensors
prior to surgery, 3) complete or incomplete SCI with
an injury level C4—C7 with intact BR control prior
to surgery, 4) no history of medical or other neu-
rological diseases that might affect the investigated
parameters, 5) no defective vision that requires the
use of glasses in the fMRI assessment, 6) individual
factors that preclude entering the fMRI environment
(e.g. metal implants which are not compatible with
the MRI environment, pacemakers and claustropho-
bia), 7) ability to speak and understand Swedish, and
8) ability to travel to Gothenburg. Prior to inclusion,

all participants received oral and written information
about the study procedures. Informed consent from
all study participants was obtained. Moreover, the
study was approved by the Regional Ethical Review
Board, Gothenburg, Sweden (Dnr: 679-15).

2.2. Motor paradigm

For each subject, 6 blocks consisting of a series
of 10 movement trials were performed. The inter-
stimulus interval (IST) was 12-15s long and was
pseudo-randomized as was the order of conditions,
allowing for reduced anticipation effects and mini-
mized synchronization between motor execution and
Mayer waves. Each trial was 10s, and the dura-
tion of each block thus lasted approximately 250 s.
Within a block, two motor tasks, key pinch and elbow
flexion, were presented on a screen, and both tasks
were repeated five times in every block in pseudo-
randomized order. Isometric activation of the motor
tasks was chosen to make the motor execution as
consistent and well-defined as possible as well as
to minimize movement artifacts. Across all blocks,
each movement type was repeated 300 times. Partic-
ipants were given visual cues on the screen: blinking
graphic illustrations depicting either a key pinch or
an elbow (Fig. 1) paced by digitized sound effects.
Each of the 2 motor tasks lasted 1s, a speed that
was found to be easy and comfortable to perform
in pilot trials. Participants executed the tasks once
every second during each trial, after which the illus-
tration was replaced by a central black circle (of one
size). The circle blinked once a second for 10-15s,
and subjects were instructed to visualize the fixation
circle and remain motionless. One of two different
digitized sounds signifying each of the two condi-
tions was played in synchrony with the last circle
flash, indicating the movement to be executed in the
next trial. During the ISIs, subjects were instructed
to visualize a fixation ring and remain motionless.
Between blocks, subjects were reminded to avoid
any movements not associated with the required
tasks.

2.3. fNIRS experimental setup

The fNIRS assessment was conducted in a quiet
and darkened room at MedTech West of Sahlgren-
ska University Hospital, Gothenburg, Sweden. Data
was collected using an NTS Optical Imaging Sys-
tem (University College London). During the fNIRS



94 L. Bunketorp Kiill et al. / Sensorimotor signal changes in patients with SCI

Fig. 1. fNIRS experimental set-up. Foam-covered pads were used
to apply the specially designed adult optical fibers firmly but com-
fortably to the subjects’ heads. Subjects were seated with the
forearm supported on an adjustable table, and the wrist strapped.
Due to very limited or complete loss of trunk stability in patients, a
specially designed and portable neck rest was constructed that the
subjects were strapped towards, with the aim of minimizing move-
ment of the torso. A small cube was attached to the index finger
to keep the thumb stabilized and somewhat elevated in relation to
the index finger. Permission was granted by the patient.

measurement, all subjects were seated with their right
shoulders in a neutral position, the elbow in 60° of
flexion (Boland et al., 2008), the forearm supported
on an adjustable table and the wrists strapped to
minimize motion artifacts (Fig. 1). A small plastic
cube was attached to the index finger using a small
strip of Velcro tape to keep the thumb stabilized
and somewhat elevated in relation to the index fin-
ger (Fig. 1). Due to the greatly limited or complete
loss of trunk stability after cervical SCIs, a spe-
cially designed neck rest was constructed to enable
strapping the participant’s head and torso, with the
aim of minimizing movement when executing motor
tasks (Fig. 1). Individuals with tetraplegia remained
seated in their wheelchairs. The participants were
instructed to avoid any movements other than those
needed for the two motor tasks. The participants were
given the opportunity to briefly rehearse the tasks
before starting the assessment to ensure that they
comprehended the task instructions displayed on the
computer screen. Prior to the experiment, the max-
imal voluntary contraction (MVC) during isometric
activation of the key pinch was measured for each
participant. All subjects were then trained to exert
target forces corresponding to approximately 20% of
the MVC, which was the target force in the fNIRS
assessment.

2.4. fNIRS data acquisition

The fNIRS system consists of two types of opti-
cal probes (or optodes): the light emitting sources
that send infrared light that penetrates the skull and
cerebral cortex, and the light detectors that collect
a proportion of that light which is reflected to the
scalp. The probes were fixed to the subjects’ heads
using specially designed, foam-covered optode hold-
ers attached to an Easycap. The adult probes were
designed in such a way that they had optimal con-
tact with the scalp (Fig. 1). To ensure optimal signal
quality, a hairpin was used to displace hair from the
channel centre. A multiplexing scheme was used. In
total, there were 16 sources and 16 detector fibre
bundles covering the sensorimotor cortical regions.
We defined a region of interest (ROI) including the
primary motor/sensory cortex (M1/S1) and premotor
cortex (PMC) as indicated in Fig. 2. Source—detector
pairs were positioned over the sensory—motor regions
of the left and right hemispheres, with the covered
area corresponding to the C3 and C4 positions in
the EEG International 10/20 system. To ensure the
fNIRS probes were optimally positioned over M1,
four anatomic landmarks in the EEG International
10/20 system were used to position the Easycap:
the nasion, inion, Al and A2 (Fig. 3). The specific
Brodmann areas representing each cortical region of
interest are M1/S1: primary sensorimotor cortex (S1:
Brodmann Area 1, 2 and 3; M1: Brodmann Area 4)
and PMC: premotor cortex (Brodmann Area 6).

Near-infrared light with wavelengths of 780 and
850nm was delivered from the fNIRS system
to measure the concentration changes of oxy-
genated haemoglobin (oxy-Hb) and deoxygenated
haemoglobin (deoxy-Hb) in the cerebral cortex. The
reflected light was sampled at a frequency of 10 Hz
using a multiplexing approach, where each source
was coupled with up to 6 detectors with separa-
tions ranging from 1 to 5cm, resulting in a total of
83 source—detector pairs (called channels) for each
wavelength. In order to filter out superficial back-
ground haemodynamics unrelated to voluntary motor
activation, 2 short (1.5 cm) separation channels were
used, as depicted in Fig. 2. This array enabled record-
ings of cortical activation at a relatively high spatial
resolution. A Polhemus Patriot system was employed
to digitize the optode locations and cranial land-
marks for each subject. To visualize the group-level
functional responses of our cohorts, we registered
the digitized optode positions to a finite element
mesh based on the MNI152 atlas (Dempsey et al.,
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Fig. 2. The fNIRS probe set was positioned over the motor areas.
Black ovals indicate the covered areas of the sensory-motor regions
of the left and right hemispheres: M1/S1 (primary motor/sensory
cortex) and premotor cortex (PMC). The fNIRS array consisted
of 16 sources (red) and 32 detectors (blue) with the short dis-
tance source-detector pairs depicted with black markings. The
EEG International 10/20 system, including Cz, naison, inion, A1,
A2, C3, and C4 locations are indicated.
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Fig. 3. Normalized group-level DOT images of oxy-Hb responses

in the right and left hemispheres in response to right sided A) key

pinch task in patients; B) elbow-flexion task in patients; C) key

pinch task in control subjects and D) elbow-flexion task in control
subjects. Scale is arbitrary.
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2015). Diffuse optical tomography (DOT) images of
the oxy-Hb functional responses were then recon-
structed. Then we built a subject-specific forward
model using the TOAST++light transport modelling

package (Schweiger and Arridge, 2014) and con-
structed images in the full 3D volume of the head
mesh. Individual-level images were projected to the
cortical surface mesh of the same head model to allow
for averaging and visualization.

2.5. fNIRS data analysis

The fNIRS data were preprocessed using MAT-
LAB 2018b (MATLAB. (2018). version 9.5.944444
(R2018b). Natick, Massachusetts: The MathWorks
Inc) and the MATLAB-based fNIRS-processing
package HomER3 (Huppert TJ, 2009). The pro-
cessing pipeline started with pruning of raw data.
Channels were rejected if their mean intensity was
below le-3 arbitrary units. The raw data were then
converted to optical density (OD). A low band-pass
0.5 filter was used to remove pulse and respiration.
The HomER3 functions hmrMotionArtifact and hmr-
MotionCorrectSpline were used to correct motion
artifacts. OD was converted to haemoglobin con-
centration by the function hmrR_OD2Conc, where
the differential path length was chosen based on age
(Scholkmann and Wolf, 2013).

To calculate the haemodynamic response func-
tion (HRF), the hmrR_GLM function in HomER3,
which estimates the HRF by applying a general lin-
ear model (GLM), was used. To solve the GLM, a
least-square fit of a convolution model (Ye et al.,
2009) was utilized. In the model, the HRF at each
channel and chromophore was modelled through a
modified gamma function using recommended val-
ues for tau and sigma (0.1 and 3.0 for oxy-Hb and
1.8 and 3.0 for deoxy-Hb). The GLM also included
polynomial drift regressors up to the third order. The
regression time length was -5 to 20 s. The short sep-
aration channel selection for regression of each long
channel was chosen based on the highest correlation
to the long channel. To visualize the spatial distri-
bution of the group-level responses, we calculated
the average of cortical reconstructions for all subjects
over a 5 s temporal window centred at the 10 s post-
trial onset. This average cortical oxy-Hb image was
normalized for each subject (such that every value
in the image was divided by the maximum absolute
value of that image) to remove the individual effects
of the response scale prior to group averaging.

2.6. Statistics

We used the open-source program JASP version
0.16.4 (Marsman and Wagenmakers, 2017) for data
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analyses. The statistic used for the fNIRS data was
the mean beta for oxy-Hb from several channels
pooled together into the predefined regions of inter-
est (ROIs) PMC and M1/S1, as shown in Fig. 2. We
did two repeated measures ANOVAs, one for each
ROI, with the between-subject factor Group (controls
and patients) and within-subject factor 7ask (pinch
and elbow flexion) and Hemisphere (contralateral and
ipsilateral).

Since this was a pilot study that involved a few par-
ticipants and was aimed at assessing feasibility, an
exploratory method of analysis was used. Therefore,
no conventional null hypothesis significance testing
was done, where an alpha value was set to control the
error rate. Instead, we used a Fisherian interpretation
of p-values (Perezgonzalez, 2015), where a low p-
value was interpreted as indirect inductive evidence
against the null hypothesis (here defined as no dif-
ference). In contrast to the confirmatory analysis, no
claims regarding type 1 error rate are made here and
no correction for multiple comparisons is performed.
Under a Fisherian interpretation, it is possible to use
a threshold for ‘significance’. However, since this
terminology is intimately connected to type 1 error
control under the null hypothesis significance test-
ing framework and might lead to confusion, we did
not apply the term ‘significance’ to our exploratory
analysis.

3. Results
3.1. Participant demographics

The average number of years that elapsed since the
patients underwent surgery was 7 (range: 2—10). The
mean age at the time of surgery was 34 years (range:
29-43). The neurological level of SCI was graded as
C6 in 2 participants and C7 in 3 participants. The
description of motor groups according to the Inter-
national Classification for Surgery of the Hand in
Tetraplegia (McDowell et al., 1979) was graded 4 in
3 participants and 3 and 2 in the remaining 2. The
causes of cervical SCI among participants were a
diving accident (N=2), motocross (N=1), occupa-
tional injury (N=1), and a falling accident (N=1).
A summary of all surgical procedures is presented
in Table 1. A gender and age-matched control group
was recruited. All the members of the control group
were right-handed and had a mean age of 39 (range:
29-46).

3.2. fNIRS result

Figure 3 represents DOT images of peak oxy-Hb
changes in the right and left hemispheres (both ROIs
combined) in response to the two motor tasks. Fig-
ure 3A and C depict the peak oxy-Hb response to the
key pinch and elbow flexion tasks in the tetraplegia
group. The peak oxy-Hb changes during both tasks
appear to be highly bilateral in nature. In contrast,
Fig. 3B and D show equivalent maps in the control
group that have a distinct lateralization pattern. Fur-
thermore, the elbow task shows a peak response that
is seemingly superior to that of the key pinch task.

In Fig. 4, raincloud plots of oxy-Hb are presented
to visualize each data point (dots), boxplots and
distribution of data. For the tetraplegia group, the
functional activity was highly variable for both tasks
apart from the hemispheric response in the contralat-
eral hemisphere during the pinch task which was
homogeneous. Overall, the raincloud plots demon-
strate seemingly higher oxy-Hb responses in the
tetraplegia group than in the controls. Further, Fig. 4
shows that activation in the ipsilateral hemisphere
was primarily present for the tetraplegia group
(Fig. 4B, D, F and H), in contrast to the controls
(figures A, C, E and G).

The repeated measures ANOVA showed a Group
difference in which patients had an increased
functional activity compared to control subjects.
The Group difference was significant in the PMC
region, with F(1,10)=5.134, p=0.047 and nzp =0.339
(Fig. 4A-D). In the M1/S1 region, F(1,10)=3.708,
with p=0.083 and ,qu = 0.149 (Fig. 4E-H),
respectively. There was a Hemisphere difference
in PMC, with F(1,10)=6.335, p=0.031 and nzp
=0.388, where there was overall high activity
in the contralateral cortex (Fig. 4A-D), but not
in M1/S1, with F(1,10)=6,335, p=0.031 and nzp
=0.388 (Fig. 4E-H). No other difference was detected
either for the Task or for any interactions (results are
summarized in Table 2 and Fig. 4).

4. Discussion

To the best of the authors’ knowledge, this is the
first study of its kind to assess the feasibility of uti-
lizing fNIRS to assess motor-related neural activity
during volitional upper limb motor tasks in patients
with tetraplegia who had their grip functions restored
by surgical tendon transfers. The two motor tasks
elicited clear activations in contralateral motor cor-
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Table 1

Demographics, clinical characteristics, and surgical procedures included among the individuals with tetraplegia

Patient Age Time since Cause of BR International Level of Surgical procedures
surgery injury function (0 Classification?  injury
-5
1 31 1 Diving 5 4 Cc7 tf, ff, ir, fpl-epl, elk,
ecu, cmcl
2 41 10 Fall 5 3/4 Co6 tf, ff, ir, fpl-epl, cmcl
3 48 5 Work-related 5 4 Cc7 tf, ff, ir, fpl-epl, ecu,
cmel
4 39 7 Sport 5 2 C6 tf, fpl-epl, elk, cmcl
5 41 10 Traffic 5 2 Co tf, ff, fpl-epl, ir
6 43 7 Diving 5 4 Cc7 tf, ff, ir, fpl-epl, cmcl,

ecu

1) Classified according to the Medical Research Council (MRC) system; 2) Description of motor groups according to the International
Classification for Surgery (ICSHT) of the Hand in Tetraplegia; BR =brachioradialis; tf =thumb flexion reconstruction; ff = finger flexion
reconstruction; ir =intrinsic reconstruction; elk = Extensor pollicis longus-loop-knot; fpl-epl=Split FPL - EPL tenodesis; ecu = Extensor
Carpi Ulnaris tenodesis; cmcl = arthrodesis of carpometacarpal (CMC) joint L.

Table 2
Test statistics from the repeated ANOVA

Premotor cortex

Primary sensorimotor

(PMC) cortex (M1/S1)
F p "’p F P ’p
Group 5.134  0.047 0.339 3708  0.083 0.149
Task 0.341 0.572 0.033 0.898  0.366 0.021
Hemisphere 6.335  0.031 0.388 0.069  0.799 0.0007
Task vs. Group 1.100  0.319 0.099 2726 0.130 0.064
Hemisphere vs. Group ~ 0.215  0.653 0.021 0.893  0.367 0.010
Task vs. Hemisphere 2.170  0.171 0.178 0.829  0.384 0.001

tices of both patients and controls, similar to previous
findings (Nardone et al., 2013; Yang et al., 2020),
especially during tasks performed using the domi-
nant hand (Lee et al., 2019; Yokoyama et al., 2019).
The bilateral activation demonstrated for some of
the patients in the present study is in accordance
with the findings of previous studies (Verstynen et
al., 2005; Wilkins and Yao, 2020), pointing to the
role of the ipsilateral motor and premotor motor cor-
tex in complex tasks as well as in movements that
require multiple joint coordination. For the patients
in the present study, the pinch task represented a re-
established motor function, namely, they all had their
pinch grip surgically restored by means of transfer-
ring an elbow flexor to a paralyzed thumb flexor. This
transfer entailed adapting the elbow flexor to also con-
trol the thumb (Bunketorp Kall et al., 2018), a task
which could initially be considered complex because
itrequires significant mental focus to learn new motor
patterns (Wangdell et al., 2016). In addition, a well-
controlled key pinch involves coordinating multiple
joints given that synergistic co-contraction of triceps
is necessary to avoid elbow flexion (Bunketorp Kall
etal., 2018).

Given that several years had passed for most
patients since they underwent surgery, their motor
patterns could be considered well-established at the
time of this study, enabling task execution without
heightened attention. However, we cannot rule out
that the bilateral hemispheric response demonstrated
in the tetraplegia group may reflect a signature of
adaptive brain plasticity mechanisms (Merzenich et
al., 2014). The muscles acting as elbow flexors were
intact in the tetraplegia group, which might explain
why the group’s cortical responses during elbow flex-
ion were similar to those of the control subjects.

The individuals with tetraplegia had a highly vari-
able degree of oxy-Hb activation during the motor
tasks. Activation in the ipsilateral hemisphere was
primarily present for the tetraplegia group although it
was highly variable for both tasks. The oxy-Hb analy-
ses revealed that both the PMC and M 1/S1 responses
were highly variable from subject to subject. While
the overall responses in M1/S1 were relatively bilat-
eral across all individuals with tetraplegia for both
tasks, some subjects demonstrated more pronounced
bilateral M1/S1 activation during one unilateral task
(pinch or elbow flexion) compared with the other.
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This variability in activation may be related to differ-
ences in noise characteristics across fNIRS sessions
that affect the global level of fNIRS brain activation.

The findings of the present study suggest that
increased oxy-Hb in brain regions associated with
upper extremity sensorimotor processing were more
bilateral in nature in the tetraplegia group than in the
controls. Moreover, the individuals with tetraplegia
had a seemingly high oxy-Hb response during both

pinch and elbow trials, whereas controls had overall
low activity.

Our findings are in accordance with those of a pre-
vious fMRI/TMS study (Chiou et al., 2013), which
demonstrated that co-activation of the ipsilateral M 1
was closely related to the motor executions of the
contralateral M1. The ipsilateral co-activations of
M1 were interpreted as intra- and interhemispheric
interactions thought to be critical for unilateral
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motor tasks. In a review (Chettouf et al., 2020),
the bilateral neural activation typically observed for
bimanual movements was said to resemble the bi-
hemispheric activation patterns during unimanual
movements. The authors argued that the ipsilat-
eral activation patterns during unimanual movements
serve to suppress interhemispheric crosstalk through
transcallosal tracts (Chettouf et al., 2020). The unique
representation of ipsilateral hand movements in the
human sensorimotor cortex demonstrated by means
of fMRI in a previous study (Bruurmijn et al., 2021)
further supports the notion of transcallosal integrative
processes that support optimal coordination of hand
movements.

It is unclear whether the large ipsilateral oxy-Hb
response in the tetraplegia group is the result of an
adaptive mechanism, meaning a large bilateral net-
work is involved in task execution, or whether it
represents transcallosal inhibitory signals aimed at
suppressing unwanted movements in the ipsilateral
upper limb. Itis highly likely that the observed ipsilat-
eral activity represents both inhibitory and excitatory
neuronal activity including both callosally mediated
interaction with the contralateral hemisphere, as pre-
viously suggested (Bruurmijn et al., 2021; Bundy
and Leuthardt, 2019) as well as neural processes
directly related to task execution. The authors of a
previous fMRI study (Berlot et al., 2019), argued
that premotor cortical activity during finger presses
may reflect attentional signals. Even though restored
functions were considered to be well-established for
individuals with tetraplegia, motor execution may
still be associated with attentional demand, resulting
in preparatory signals.

There are several limitations to this study. First, the
small number of participants limits the generalizabil-
ity of the findings. Given interindividual variability,
especially in the SCI group, large populations are
needed to investigate task-related cortical activation.
Second, since the study focused on the dominant
side of right-handed participants, the findings could
not be generalized to motor tasks performed by
the non-dominant side. Neither could the findings
be generalized to motor tasks performed by the
left upper limb. Future studies should include left-
handed participants and motor tasks performed by the
non-dominant side. It is not possible to distinguish
between primary motor and sensory motor cortical
activity in the present study since both areas were
included in one single ROI (M1/S1). However, since
the importance of sensory information in feedback
control has been demonstrated (Berlot et al., 2019),

we chose to combine both motor and somatosensory
cortical areas in the fNIRS analyses. Moreover, since
fNIRS has limited spatial resolution as compared to
fMRYI, there is a technical difficulty in utilizing fNIRS
to assess oxy-Hb changes in two closely located cor-
tical regions such as the primary motor and sensory
cortical areas.

Despite its weaknesses, this study has strengths.
First is the inclusion of individual MRI data to con-
firm the spatial registration of each channel on the
brain. Another strength is that we aimed at maxi-
mizing the accuracy of channel locations using 3D
digitizations of channel locations and co-registering
these locations to template atlas brains. Further, short-
separation channels were used to filter out superficial
background haemodynamics unrelated to voluntary
motor activation. To minimize motion artifacts, we
used a specially designed neck rest to which the sub-
jects’ heads were strapped during the execution of
motor tasks. Lastly, our research measured sensori-
motor cortices in both hemispheres, which enabled
us to examine lateralization.

The present findings showing that the ipsilateral
hemisphere seems to be involved in the execution
of unilateral movements have important implica-
tions for understanding motor control in unimpaired
humans as well as motor-impaired populations. This
study supports the feasibility of using fNIRS in
researching motor-related cortical areas, enabling
future researchers to investigate the neural corre-
lates for motor control. The advantageous features
of the study allow highly ecologically valid investi-
gations that can translate laboratory work into clinical
environments in motor-impaired patient populations
(Irani et al., 2007).

In summary, we have demonstrated for the first
time that it is feasible to use fNIRS to study
haemoglobin-evoked responses during volitional
upper limb motor tasks in individuals with tetraple-
gia who had their grip functions restored by surgical
tendon transfers. Although the sample size is judged
to be sufficient to determine the feasibility of using
fNIRS to measure haemoglobin-evoked responses in
this context, it is too small to draw any definitive
conclusions. Nevertheless, the experimental setup
was deemed suitable. Signal quality was satisfactory,
and the findings suggest that different motor tasks
elicit differential brain activity, supporting the set-
up’s scientific feasibility. Besides, the results of the
between-group comparisons are suggestive that cor-
tical signal changes in brain regions associated with
upper extremity sensorimotor processing are more
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bilateral in nature in the tetraplegia group than in
the control group. This between-group finding, there-
fore, supports the scientific feasibility of our setup
and the usability of fNIRS to investigate the neural
basis of restored volitional upper limb motor control
in patients with tetraplegia.

In conclusion, this pilot study showed that the
experimental setup was feasible for assessing cor-
tical haemodynamics related to voluntary upper
limb motor activation using fNIRS in individuals
with surgically restored grip functions. Cortical sig-
nal changes in brain regions associated with upper
extremity sensorimotor processing appeared larger
and more bilateral in nature in the tetraplegia group
than in controls. The bilateral hemispheric response
in the tetraplegia group may reflect a signature of
adaptive brain plasticity mechanisms. Larger studies
than the present one are needed to confirm these find-
ings and draw reliable conclusions as well as to clarify
the meanings of the oxy-Hb changes in cortical areas
during motor tasks.
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