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Abstract: A new method of environmental control that does not depend on motor functions is eagerly
awaited to support independent living for people with severe quadriplegia. In this study, we conducted
an exploratory case study of brain state discrimination in a quadriplegic subject to develop a brain-computer
interface controlled by a mental task execution. We measured near-infrared spectroscopy (NIRS)
signals in a patient with a cervical spinal cord injury while performing mental tasks. A block design
with a task and a rest separated by 30 seconds was used to measure brain function. The utilized mental
tasks were mental arithmetic and Japanese word chains. Seventeen trials of the NIRS signal were
acquired for each task, and 52 samples with 24-dimensional features per trial data were extracted.
Random forest was used as the classifier, and the number of correct responses in the binary
discrimination of the brain states were calculated by cross-validation. The exact binomial test was used
for the statistical analysis, and a two-tailed test with a significance level of 5% was performed. The
results showed that the number of correct responses was 15 out of 17 (p = 0.002) for the mental
arithmetic task and 14 out of 17 (p = 0.013) for the Japanese word chains task, for an overall accuracy
of 85%. These results indicate that this method can discriminate the brain state of a patient with
quadriplegia from the NIRS signal. By applying these findings to a brain-computer interface, it will be
possible to provide a new means of environmental control for individuals with quadriplegia.

Keywords: brain-computer interface; near-infrared spectroscopy; machine learning; mental task;
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1. Introduction

Spinal cord injuries (SCI) can occur because of compulsion, incision, or contusion [1], and causes
severe disabilities, including either temporary or permanent motor, sensory, bladder, and bowel
dysfunctions. Particularly in cervical spinal cord injuries (CSCI), which pertain to injuries of the
cervical spine, profound and widespread motor paralysis can affect the limbs and trunk, which poses
severe challenges in activities of daily living. For instance, paralysis of the upper limbs greatly hinders
tasks such as operating a television or an assistive device. Consequently, despite the preservation of
cognitive function in patients with CSCI, compromised motor function necessitates the need of
caregiver assistance for a comprehensive environmental control. Therefore, occupational therapy for
spinal cord injuries supports functional rehabilitation to improve motor function [2], the acquisition of
compensatory measures by operating assistive devices with residual function [3], and improve
independence. However, motor dysfunction caused by a CSCI is intractable, and residual motor
function declines with age. Therefore, current occupational therapies using residual motor function
have limitations, and there is a need to establish new methods to support environmental control by
utilizing other functions.

Brain-computer interfaces (BCIs) [4] have attracted attention in recent years as a technology to
realize device control using physiological signals obtained by measuring brain functions. Typically, a
BCI consists of a brain function measurement section, a preprocessing section, a feature selection and
extraction section, a discrimination section, and a device control section [5]. In the brain function
measurement section, physiological signals related to the brain state during cognitive tasks are
measured, and unwanted components such as noise and artifacts are removed through preprocessing.
Features related to brain information are selected and extracted from the physiological signals, and a
discriminative model of the brain state is constructed using machine learning methods. Based on this
model, the newly acquired signals are used to identify the brain state, thereby realizing device control
using physiological signals. A BCI can provide a novel method of environmental control for patients
with SCI’s and is desirable for medical applications.

Most BCI studies have used electroencephalography [6,7]. In contrast, this study focused on
near-infrared spectroscopy (NIRS) [8] to measure brain function. NIRS is based on the modified
Beer-Lambert law [9], which describes the relationship between light attenuation and the concentration
of light-absorbing substances when a scattering medium containing light-absorbing substances is
exposed to light. NIRS is used for the noninvasive measurement of changes in the hemoglobin-oxygen
metabolism of active brain regions using near-infrared light in the 700-1000 nm wavelength range,
which has a high biological transparency. NIRS can be measured in a natural environment because it
is portable, compact, and resistant to electrical noise [5]. In addition, NIRS has recently been examined
for its application as a therapeutic tool in rehabilitation owing to the development of signal processing
technologies [10]. Therefore, NIRS helps measure brain function in patients with neurological diseases
prone to body movement noise, such as spasticity.

In a study of a BCI using NIRS, Hwang et al. investigated mental tasks suitable do discriminate
various brain states in seven healthy participants. They reported the effectiveness of multiplication,
right-hand motor recall, and figure-rotation tasks [11]. Naseer et al. reported that they could
discriminate the brain states of 14 healthy participants during mental arithmetic and resting tasks,
which achieved an accuracy of 82.1% [12]. In a study using motor-related tasks, Sitaram et al. reported
an accuracy of 89.1% using left and right finger-tapping recall tasks in five healthy participants [13].
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Furthermore, Hamid et al. reported an accuracy of 88.5% when discriminating brain states during
walking and resting-standing tasks in nine healthy participants [14]. However, these reports were
laboratory-based studies that involved healthy participants, and their applicability to patients with
quadriplegia was not validated. Schreuder et al. [15] have emphasized the importance of targeting
potential end-users. Moreover, it has been suggested that performing motor imagery tasks could be
difficult for patients with long-term motor impairments [16]. Therefore, for the practical application
of a BCI, it is necessary to construct a brain state discrimination technique for a patient with motor
dysfunction using mental tasks that consider the disability characteristics of the end-user. The novelty
of this study is that we verified the performance of machine learning to discriminate brain states using
non-motor-related mental tasks in a case study of a patient with quadriplegia.

Therefore, this study aimed to develop a brain-state discrimination method for a BCI application
for the environmental control by physically disabled individuals. NIRS signals were measured in a
patient with a CSCI while performing two types of mental tasks, and a binary discrimination model
was constructed through an offline analysis using machine learning. The discriminant performance of
the constructed model was evaluated, and its applicability to a BCI system that could assist physically
disabled people to control their environments was examined.

2. Methods
2.1. Participant

The participant was a man in his 60s who was diagnosed with a CSCI at the fifth cervical level,
and whose dominant hand was determined to be the right hand based on the Edinburgh Handedness
Test. The participant developed quadriplegia because of a sports injury 25 years ago, and currently
lives at home with home care services. The severity of the injury was B2 according to the modified
Frankel classification [17], with complete paralysis of the limbs and trunk muscles below the injury
site. The participant could partially enter text on a computer using compensatory movements with
shoulder girdle elevation and voice control, though he required total assistance with environmental
control, such as manipulating switches for lights and motorized beds. The functional independence
measure scores for his activities of daily living were 13 for motor items and 35 for cognitive items. In
contrast, the participant required total assistance with all physical activities, but was independent in
conversational communication and had no intellectual functioning problems.

This study was conducted following the ethical principles of the Helsinki Declaration and was
reviewed and approved by the Ethics Committee of the Nagoya Institute of Technology (Approval
No. 2019-010); the consent of the participant was obtained.

2.2. NIRS signals recording

The OEG-SpO> (Spectratech Inc., Yokohama, Japan) was used to measure the NIRS signals.
Figure 1 presents an overview of the equipment used in this study. The prefrontal region was set as the
region of interest, and the head module was mounted such that nine channels were positioned directly
above the center of the frontal poles (Fpl and Fp2) following the international 10-20 system [18].
NIRS signals were measured at a distance of 3 cm between the light emitter and receiver, and a
sampling frequency of 12.4 Hz for 16 channels was utilized. Oxygenated hemoglobin (HbO) is the
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most sensitive indicator of changes in regional cerebral blood flow [19] and is appropriate to detect
neural activity in different brain states. Therefore, we used HbO as an indicator in this study.

Inion

@ Emitter [] Channels
@ Receiver [I] Frontal Pole

Figure 1. Setup of the equipment used and the measurement region.
2.3. Mental tasks

In this study, considering the disability characteristics of the CSCI, we used mental tasks
unrelated to motor function. The participant was instructed to determine the tasks they could execute
from those used in a previous study [20]; mental arithmetic (MA) and Japanese word chain (JWC)
tasks were selected. Before the NIRS signal measurement, each task was practiced and the participant
was required to verbally respond to confirm that they had sufficient cognitive function to execute the
task. The definitions of each task are as follows.

MA: A task in which single-digit numbers (e.g., 7) were sequentially added by mental arithmetic
(e.g., 7:7,14, 21, 28, ...). These numbers were randomly chosen.

JWC: This task is called Shiritori in Japanese, which repeats a Japanese word chain as quickly as
possible (e.g., Ringo, Gorilla, Rappa, ...). In this task, words ending in “n” were not selected.

2.4. Subjective assessment

In this study, two subjective assessments were conducted to evaluate the mental effort required
by the participant to execute a mental task, that is, to control the BCI.

2.4.1. State-trait anxiety inventory (STAI) [21]

State anxiety items from the STAI-Form JYZ were used to assess the psychological burden
transiently perceived during the execution of the mental task. The state anxiety items were scored on
a four-point scale of “not at all true,” “somewhat true,” “fairly true,” and “very true” on 20 questions
related to worry, nervousness, tension, and anxiety. A higher total score indicated a higher level of
anxiety, and the state anxiety was rated on a five-point scale according to the score.
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2.4.2. Usability evaluation

Eight items related to the usability of the mental tasks were defined according to previous
studies [22,23]: flexibility, ease of performance, practicality, ease of understanding, difficulty,
discomfort, concentration, and drowsiness. The subjective rating for each task was assessed using a
visual analogue scale. Each item was numerically scored on a 100-point scale, with a high score
indicating a high usability. The scores for each item and the overall average were calculated.

2.5. Experimental protocol

The experiment was conducted while the participant was seated in a wheelchair in the living room.
A block design of three trials was used for the experiment, with each trial consisting of 30 seconds of
rest and 30 seconds for the task. Figures 2 and 3 show the experimental environment and block design,
respectively. During the rest period, the participant was instructed to cease cognitive activity and
remain relaxed, whereas during the task period, he was instructed to perform the MA or JWC task that
were provided beforehand. The participant performed the mental task according to the instructions
presented on the display. The participant was instructed to maintain a fixed gaze point throughout the
experiment to minimize the influence of eye movement noise on the NIRS signal. The order in which
the mental tasks were executed was randomized in each block design to minimize the effects of
habituation. Considering the influence of mental fatigue on the task execution, a break of a few minutes
was allowed between each brain function measurement. The NIRS signal was measured over two days,
with 18 trials per mental task for a total of 36 minutes. Subjective assessments were conducted after
the NIRS measurements on the first day.

Figure 2. Environment of brain function measurement experiments.

MA or JWC 1 trial
f—‘—\

Instruction| Rest [ Task | Rest | Task [ Rest [ Task

v

30s 30s 30s 30s 30s 30s

Figure 3. Block design used to measure brain function.
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2.6. Data analysis

Data from one trial containing artifacts due to body motion noise and data from channels with
missing values were excluded from preprocessing the acquired NIRS signals. Thus, the HbO from 14
and 16 channels for 17 trials and their derivative values, namely AHbO, were included in the analysis.
The data were standardized using each trial’s mean and standard deviation of the 5-s pre-task rest period.

For the feature extraction, we segmented the task interval data with a time window of 5 s and a
step width of 0.5 s, from which we extracted six time-domain features: maximum, minimum, arithmetic
mean, standard deviation, kurtosis, and skewness. Thus, 52 samples that were comprised of 24
dimensions per trial were extracted. The dataset was constructed by assigning a type of mental task to
a label.

This dataset was used to train the discriminant model. We used Random Forest [24], which is an
ensemble learning algorithm with multiple decision trees, as weak learners. Three types of discriminant
models were constructed in this study.

(1) Model_ALL: A model trained using all features.

(2) Model_Boruta: A model trained with only features contributing to discrimination using
Boruta [25], which is a feature selection method based on a binomial test.

(3) Model_UMAP: A model trained using data reduced to two dimensions using a Uniform
Manifold Approximation and Projection (UMAP) [26], which is a nonlinear dimensionality
reduction method.

The Random Forest was tuned by a grid search using two hyperparameters: sqrt and log2 for
max_features and 5, 10, 15, ..., 50 for max_depth. The model was trained, and its performance was
evaluated by k-fold cross-validation, where k was 17, which was the number of trials used to measure
the brain function in each mental task.

The number of correct responses was used as a measure of the model performance. The number
of correct responses was defined as the number of true positives or true negatives of the predictions
obtained by majority voting on the predictions from the 52 samples. A statistical analysis of the
discriminant model performance was conducted using an exact binomial test and a two-tailed test with
a significance level of 5%.

3. Results
3.1. Discrimination performance

Figure 4 shows the standardized waveform of the NIRS signal obtained by averaging data from
all 17 trials. Bandpass filtering at 0.01-0.2 Hz was applied for visualization. The 14-channel signal
exhibited a fluctuation pattern in which the MA increased more than the JWC did throughout the task
interval. In contrast, the 16-channel JWC task revealed a fluctuation pattern that decreased in the early
part of the task interval and subsequently increased slightly compared with MA.

Figure 5 shows the confusion matrix of the model predictions. Model ALL and model UMAP
had the highest total number of true positives and true negatives, indicating excellent predictive results.
Table 1 lists the discriminant performance of the models. The number of correct responses was 29 out
of 34 trials for both the model ALL and model UMAP and 27 out of 34 trials for the model_Boruta,
both of which were significantly different (p < .001). Regarding the accuracy of each class, the
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model_ALL exhibited high performances in the MA and JWC classes, with 88.2% and 82.4%,

respectively.
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Figure 4. The standardized NIRS signals obtained by averaging data from all 17 trials. (a)
signal changes at 14-channel. (b) signal changes at 16-channel.
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Figure 5. Confusion matrix of predictions by majority voting.

Table 1. Discriminant performance of the models.

Task Model ALL Model_Boruta Model UMAP
Total (N = 34) 29***(85.3%0) 27***(79.4%) 29***(85.3%0)
MA (n=17) 15 (88.2%) 13 (76.5%) 17 (100%)
JWC (n=17) 14 (82.4%) 14 (82.4%) 12 (70.6%)

Data are presented as numbers (percent). *** An exact binomial test, p < .001.

AIMS Bioengineering
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3.2. Subjective assessment

Figures 6 and 7 display the results of the STAI and the usability evaluation, respectively. On
the STAI, MA scored 40, stage 2, which indicates a low anxiety. JWC scored 42, stage 3, which
indicates a normal state. Regarding the usability evaluation, the average scores were 78.0 for MA
and 75.9 for JWC, although JWC had a low score of 11 for the item of difficulty.

Bl Vental Arithmetic [l Japanese Word Chain

Score of STAI
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o

Figure 6. The result of STAI.
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Figure 7. Result of usability evaluation.

4. Discussion
In this study, we performed brain state discrimination in a CSCI patient using NIRS signals and

achieved a discrimination accuracy of 85.3%. Consequently, by applying this knowledge to a BCI, for
example, associating “MA” with “ON” and “JWC” with “OFF” and operating the BCI using mental
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tasks as operating commands, environmental control such as lighting, air conditioning, and welfare
equipment can be achieved.

In a binary BCI, the upper confidence interval for the discrimination performance obtained by
chance has been reported to be 70% [27], and an accuracy of 70% is considered to be a practical
criterion for a BCI. Previous studies have reported discrimination accuracies of 82-89% [12-14].
However, these studies had the disadvantage of laboratory-based results from healthy subjects. In
addition, it has been indicated that motor tasks and motor imagery tasks may not be feasible for patients
with quadriplegia, and their applicability to end-users has not been verified. In contrast, the proposed
method has the advantage that it was examined using non-motor-related tasks on a patient with a CSCI
to verify its applicability to a BCI. Moreover, the discrimination performance of the proposed method
was comparable to previous studies, thus indicating the effectiveness of our method as a means of
environmental control for patients with motor dysfunction. In addition, innovative rehabilitation
techniques using robots have recently received considerable attention. Caliandro et al. [28] reported
that a wearable powered exoskeleton enhanced prefrontal cortex activation. The brain state
identification model in this study could be applied to the autonomous robotic control of patients who
require robotic assistance. In the field of occupational therapy, there is no practical environmental
control system that uses brain functions to support the daily living of people with physical disabilities,
and these findings can contribute to the establishment of a new occupational therapy approach for
patients with quadriplegia.

The psychological burden and usability of executing mental tasks for a BCI control were
evaluated and showed an acceptable level for the participant. Nakai et al. proposed a BCI that used a
meal experience recall task [29], but the practicality of the recall task was not mentioned. Weyand et
al. reported that the discrimination performance and usability are necessary for a BCI [30]. Therefore,
in contrast to previous studies that only examined the discrimination performance [12-14,29], this
study also investigated the BCI performance from the perspective of a subjective evaluation and
obtained practical-level results for both the discrimination performance and the usability. Considering
that opportunities for environmental control frequently occur in daily life (e.g., turning lights and
welfare equipment on and off), mental tasks used for a BCI control should be easy to perform with
little burden. Moreover, it is expected that these mental tasks would be equally accessible to perform,
given that the end-users of the BCls (i.e., patients with motor dysfunction) have normal brain function.
Thus, using MA and JWC will contribute to developing environmentally controlled BCls for patients
with motor dysfunction. This study did not have a sufficient practice period to improve the task
performance. Therefore, the psychological burden and ease of use could be further improved by
enhancing recall skills and familiarity through mental task execution training. In the future, we plan to
examine the effects of task execution practice for skill acquisition on the BCI’s discrimination
performance and usability.

As a limitation, this study was conducted in a controlled environment, and we did not consider
the potential fluctuations of NIRS signals that may occur with aging, psychological state, or
environmental factors. In addition, it is essential to note that this study presents a single-case analysis,
limiting the generalizability of our findings to a broader population. In the future, we plan to address
these limitations by constructing a robust model that utilizes a large dataset collected over an extended
period, thereby allowing us to assess the BCI’s performance during long-term utilization. In addition,
we plan to conduct comparative experiments with healthy subjects to examine the effectiveness and
versatility of this model. Additionally, we plan to explore alternative BCI designs by incorporating
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various mental tasks. Then, we plan to increase the number of participants to investigate the
generalizability of this method and apply it to a BCI system of environmental control for patients
with CSCI’s.

5. Conclusions

We constructed a model to discriminate brain states from NIRS signals and evaluated its
performance to be applied to a novel environmental control system for people with quadriplegia.
Consequently, the brain-state discrimination of MA and JWC fulfilled the practical level of the BCI
and had a high usability. This method applies to BCI’s for environmental control to support the daily
lives of patients with severe quadriplegia. The findings of this study would contribute to the
establishment of a novel augmentative and alternative communication using the residual functions of
people with quadriplegia in occupational therapies.
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