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Abstract

The study focused on designing a portable, objective device for assessing and addressing Cervical Motor Control (CMC)
impairments. This device is based on a proposed architecture that employs advanced technology to evaluate and enhance
patients’ CMC. During a pilot study with 10 participants, the device’s feasibility and usability were verified, including an
initial assessment using the Head Relocation Test and a 12-session intervention over 4 weeks. The architecture of the pro-
posed system is responsible for gathering pertinent data concerning patients’ cervical motor control. It employs advanced
algorithms to process this data and objectively assess CMC function. Furthermore, the system tailors the therapy to each
patient’s individual needs. Preliminary results indicate that the device and the proposed architecture positively impact assess-
ment test performance accuracy. While additional validation tests are required to confirm their effectiveness, this device
emerges as a promising and valuable alternative for assessing and treating patients with CMC impairments. Its focus on
advanced technology and personalized adaptation aligns with previous research in telerehabilitation and classroom physical
activity promotion.
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1 Introduction

Communicated by B. Bao. Neck pain is a significant public health issue in the general

Heetor Sinches San Blas. Fatima Péres Robledo. Juan F. De P population. Cervical Motor Control (CMC) stands out as one
S;ftt;r:a :rrllc(l; éibr?enl Vizllfa;rrigila(}oilr;;lezocoit;)ii)ulizg eciua?ly i(z) of .the m(.)St common motor .lmp alrmel.lts. mn the general p Opu_
this work. lation, with an even higher incidence in individuals suffering
from chronic conditions [1]. This motor impairment of the
neck and head is manifested through challenging symptoms,
including balance issues, vertigo, dizziness, and an increased
risk of falls [2]. It is often accompanied by discomfort and
pain in the cervical area, further complicating this condition.

The assessment and effective treatment of Cervical Motor
Control (CMC) become crucial aspects in the care of these
patients. On the one hand, appropriate assessment is essen-
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tial to identify the origin of this impairment, evaluate the
functional status of the cervical area, and precisely monitor
the condition’s progression [3]. On the other hand, treatment
requires specific approaches to improve both the ability to
maintain the cervical spine stable in a static position and
the capacity to perform controlled and precise movements.
Currently, devices used for assessing and treating CMC are
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predominantly analog or involve equipment that, due to their
weight or volume, restrict patient mobility [4]. Moreover,
they often rely on subjective measures that hinder accurately
tracking a patient’s progress.

Technological advancements have played a pivotal role
in enhancing Cervical Motor Control (CMC) solutions. In
recent years, researchers have employed various technolo-
gies to address this condition and improve the quality of life
for patients. Among the technologies used for CMC assess-
ment, motion analysis systems utilizing motion-tracking
cameras and position sensors to evaluate cervical mobility
have been implemented [5]. These systems enable an objec-
tive and precise measurement of neck and head movements.
Virtual and augmented reality technologies have proven
valuable in CMC treatment by providing immersive and cus-
tomizable training environments [6]. These systems allow
patients to engage in therapeutic exercises more engagingly
and effectively [7].

Our study presents a dual-front approach to advance the
assessment and treatment of Cervical Motor Control (CMC)
impairments. The first facet of our work is the development
of a device that stands out from conventional machines due
to its compact shape and user-friendly design, allowing for
a precise evaluation of CMC. The size and ease of use of
our device overcome the common obstacles associated with
bulkier traditional equipment, ensuring greater accessibil-
ity, and facilitating customization. The second facet, the
core of the research, delves into the complexities of the
proposed architecture as well as the pilot study. Here, we
leverage the latest advances in technology, forging a system
that combines multi-agent frameworks with context-aware
capabilities. This fusion is critical for managing complex
information flows and fine-tuning therapeutic exercises to
align with the unique needs of each patient. We articulate
specific technological pathways, such as the application of
miniaturized sensors for motion tracking and the integration
of machine learning algorithms for adaptable therapy, which
together contribute to the enhanced size and customization
capabilities of our system. These innovations represent a
significant leap over traditional methods, which often lack
this degree of customization and sophistication in data han-
dling and treatment adaptation. To elaborate, our technical
route includes detailed algorithmic processes that transform
patient data into actionable insights, allowing the device to
offer personalized treatment regimes that evolve in real-time
with the patient’s recovery trajectory. To validate our pro-
posal, we conducted a pilot study with 10 participants, which
included a longitudinal intervention over 4 weeks with struc-
tured sessions. The participants, divided into healthy indi-
viduals and those with CMC impairments, interacted with a
series of games designed to measure and improve CMC in a
gamified context, which facilitated the collection of objec-
tive data and dynamic treatment adaptation.
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This article is structured into several essential sections.
Subsequently, Sect. 1.1 details the current methods of
therapeutic intervention, and 1.2 discusses technological
solutions in the context of research. Section 2 elaborates on
the system architecture, and Sect. 3 addresses the method-
ology used, including participant selection and evaluation
procedures, highlighting the pilot study conducted. Section 4
describes the therapeutic intervention and participant inter-
action with the device during a 4-week study. Key findings
and collected data are presented in Sect. 5, followed by the
discussion of results in Sect. 6, and the conclusions and
recommendations for future research in Sect. 7.

1.1 Therapeutic intervention methods

Cervical Motor Control (CMC) results from the interplay
of afferent and efferent information flow and central pro-
cessing that integrates these two types of information. CMC
encompasses the control of head and neck movement, eye
movement control, and postural balance. To regulate these
functions, CMC relies on multiple subsystems: propriocep-
tion, kinesthesia (both responsible for head and neck orienta-
tion to the body), the visuomotor system, and the vestibular
system [8]. The cervical spine plays a crucial role in postural
control and balance. Impairment of proprioception in this
area can lead to common conditions such as chronic neck
pain [9].

The function of CMC is achieved through the receptors
in the cervical spine, which have significant connections
to various parts of the central nervous system, such as the
visual and vestibular systems. When sensory input is dis-
rupted in these receptors, the entire process is affected due
to inadequate information integration. This information can
be altered by different mechanisms, including trauma, recep-
tors’ functional impairment, receptor sensitivity changes,
and pain’s effects at various levels of the nervous system
[10].

Therefore, regulation at the central nervous system level
is essential for achieving functional CMC. Continuous sen-
sory information, in conjunction with the vestibular and vis-
ual systems, ensures coordinated motor functions through-
out the body, maintenance of posture and stability in static
and dynamic situations, and a swift neck response to the
surrounding environment. In this function, the information
collected by muscle spindles in the suboccipital muscles is
particularly relevant for fine motor control of posture [11].

Another key element in the CMC process, alongside the
musculature and the central nervous system, is the osteo-
ligamentous structures, which provide 20% of cervical
mechanical stability. Thus, the synchronization of ligaments
as stabilizing factors, muscles responsible for performing
movements, and the central nervous system integrating
information and making precise adjustments ensure that the
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neck moves correctly and allows for appropriate postural
adjustments to maintain balance [11]. The diagram pre-
sented in Fig. 1 illustrates this intricate feedback process
among systems. It shows how all the elements that partici-
pate in the CMC are interrelated. Proprioceptors and passive
structures collect sensory information about the position and
movement of the body. These elements are in direct relation-
ship with the muscles, effectors of the postural adjustment
and movement response. In addition to these structures, the
central nervous system and cervical kinematics act as inte-
grating elements and elaborate the response executed, so
they are the elements that will determine the postural and
movement adjustments.

Dysfunction in cervical afferents for these reasons leads
to the development of a range of symptoms in patients, such
as the onset of dizziness, postural instability, visual dis-
turbances, balance impairment, and altered control of eye,
head, and neck movements [12]. Given the intricate process
of CMC and its clinical complications, a proper assessment
process becomes essential for tailoring patient treatment to
optimize outcomes. However, scientific literature indicates
that, although various methods exist for assessment and
treatment, they all have limitations.

Regarding assessment, numerous CMC evaluation tools
have been developed. The most commonly used procedure
is the Head Relocation Test (HRT). In this test, a patient
wears a helmet with a laser beam, and their ability to rec-
ognize head position (proprioception) and the amount of
movement (kinesthesia) is assessed [13]. Several studies
have employed this test to determine CMC capacity [14,
15]. The test measures the error when repositioning the head
to the target. However, while it may appear to be a suitable
tool for determining head position, it does not encompass
assessing the oculomotor or vestibular systems. Addition-
ally, it relies on analog equipment and can sometimes lack
precision. Therefore, despite its widespread use, there is a
lack of evidence to support its use as a sole assessment tool,
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Fig. 1 Processes involved in CMC.The figure shows the effectors and
the relationships between them. The solid line unites the elements
that collect sensitive information and execute the motor command.
The dashed lines show the relationship with the elements of informa-
tion integration and movement control

as it has not been validated due to the absence of a gold
standard and limited research on extensive populations [8].

The HRT assesses head positioning and kinesthesia but
does not evaluate how movement occurs in individuals with
Cervical Motor Control (CMC) impairments. Methods such
as the continuous linear motion technique, which evaluates
movement in cervical rotations, have been designed to over-
come this limitation. Another system that enhances the for-
mer is The Fly®, which records the movement of a nonlinear
trajectory following objects, focusing more on the sense of
movement than position. It also incorporates a virtual reality
system to display movement targets [13].

The limitations of these systems are that they are better at
assessing movement but do not evaluate position. The Fly®
improves upon the HRT by incorporating an assessment of
the visuomotor system through object trajectory tracking,
but it still does not assess the vestibular system [8]. Each
measurement system captures a specific CMC aspect but
does not provide complete information. This problem poses
a challenge for clinicians, as they encounter difficulties
selecting an appropriate assessment method. The heteroge-
neity of tests used in scientific studies also hinders the gen-
eralization of results to the population. Furthermore, these
methods require wired apparatuses that hinder task execu-
tion or large devices that limit mobility.

On the other hand, the treatment of Cervical Motor Con-
trol (CMC) impairments is more complex. There are various
methodologies, ranging from transcranial magnetic stimula-
tion [16] to education in pain neuroscience [17]. However,
motor training appears to be the technique that has demon-
strated the most effectiveness, particularly retraining aimed
at improving cervical proprioception and coordination [9].

Current studies approach cervical training with motor
control exercises combined with other techniques, such as
oculomotor exercises, balance exercises [15], motor imagery
exercises [18], or sensorimotor incongruity exercises [19].

Considering the background presented, this study aims to
design a portable device that enables proper movement and
overcomes the limitations presented by other assessment and
treatment methods. Furthermore, the goal is to analyze its
feasibility and utility in clinical practice.

1.2 Technological solutions

The methods used to address CMC impairments have wit-
nessed significant advancements due to the convergence of
modern technologies and healthcare. The introduction of
innovative technological solutions has enabled the overcom-
ing some limitations associated with traditional assessment
and treatment of CMC.

One of the most notable advancements is the use of
advanced motion sensors. These sensors allow for accu-
rate tracking and recording of the patient’s head and neck
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movements [20]. These sensors [21] can be inertial, such as
accelerometers and gyroscopes, which measure acceleration
and angular orientation, or camera-based, using images to
track position and movement. Sensor technology provides
an objective and quantitative assessment of Cervical Motor
Control (CMC). By measuring movements in real-time,
therapists can identify specific deficiencies and track the
patient’s progression throughout treatment. Additionally,
collecting objective data reduces subjectivity in assessment,
enhancing the accuracy and reliability of results [22].

Another advancement is in Virtual Reality (VR) and Aug-
mented Reality (AR), technologies that have revolutionized
the treatment of CMC impairments. These technologies
enable the creation of interactive virtual environments that
simulate real-world situations or provide real-time visual
feedback during therapeutic exercises [23]. Currently, VR
is used to design engaging and personalized therapeutic
exercises. Patients can engage in virtual activities requiring
specific neck and head movements, making training more
accessible and enhancing motivation [24]. Furthermore, VR
allows therapists to adjust exercise difficulty based on indi-
vidual patient’s physiological needs. Similarly, patients can
see graphical representations of their movements concerning
therapeutic goals. This visual feedback aids in correcting
improper movements and improves the accuracy and effec-
tiveness of training exercises [25].

Finally, some research uses data analysis and machine
learning, including multiagent systems, which enable the
processing and interpreting of large datasets generated dur-
ing CMC assessment and treatment. Data analysis is used
to identify patterns and trends in patient movements [26].
Therapists can use these analyses to understand CMC defi-
ciencies better and tailor treatment accordingly. Further-
more, data analysis facilitates tracking patient progress over
time [27], which is crucial for assessing treatment effective-
ness. All of this is made possible through the capabilities
provided by multi-agent systems, including [28] the abil-
ity to contextualize scenarios quickly, address uncertain-
ties related to planning and problem-solving, coordinate
distributed sources of information, and sophisticatedly con-
trol distributed systems. Similarly, their adaptability allows
for the personalization of treatment programs [29]. Along
with machine learning algorithms, they can analyze patient
data and recommend specific exercises and adjustments to
address identified deficiencies [30]. These solutions enable
a more precise and personalized approach for each patient,
maximizing treatment outcomes.

These technological solutions have collectively opened
new perspectives in assessing and treating CMC impair-
ments. The limitations of traditional assessment methods,
the lack of objectivity in measurement, and the absence of
customization in treatment programs have been persistent
challenges in caring for patients with CMC impairments.
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In this context, the proposed system emerges as a prom-
ising response to these needs. Based on sensor technolo-
gies, VR, data analysis, and multi-agent systems, the system
comprehensively addresses these limitations. It provides an
objective and quantitative assessment of Cervical Motor
Control (CMC), allows customized treatment programs, and
offers real-time visual feedback. In doing so, it improves
the accuracy and effectiveness of treatment and provides
a versatile and accessible tool for healthcare professionals.

2 Description of system

In the context of CMC assessment and rehabilitation, tech-
nology integration has become an area of growing inter-
est. Dysfunction in cervical afferents can lead to debilitat-
ing symptoms, emphasizing the importance of developing
innovative approaches to address this clinical challenge. This
section presents a comprehensive overview of the platform,
which encompasses a physical device designed for capturing
motion and position metrics during each moment of rehabili-
tation exercises. The characteristics of the platform’s archi-
tecture responsible for data collection and patient progress
tracking will also be described.

2.1 System architecture

In the last decade, the development and application of
multi-agent systems in rehabilitation and medical moni-
toring have seen significant growth, showcasing their
potential in enhancing monitoring accuracy and therapy
personalization. Recent studies like [31], presenting an
agent-based health monitoring system utilizing 5G tech-
nology for chronic, elderly, and remote patients, demon-
strate how these systems aid real-time data collection and
dynamically tailor treatments to individual patient needs.
Moreover, [32] provides an extensive overview of the
applications of agents in healthcare, pinpointing key trends
and challenges in merging these emerging technologies. In
their systematic review, a pivotal contribution is made by
[33], underscoring conversational agents’ nuanced roles
in augmenting patient and provider interactions, enhanc-
ing adherence, and facilitating remote healthcare delivery.
These conversational agents, capable of engaging users
in natural language dialogue, extend the capabilities of
multiagent systems by offering personalized, interactive
support to patients and healthcare professionals alike.
Despite the advances achieved, challenges in integrating
new technologies, scalability of solutions, and deeper per-
sonalization of interventions persist. This research aims
to tackle these issues by introducing a novel multi-agent
system model that enhances user interaction and broadens
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the applicability of personalized therapies, marking a sig-
nificant advancement in the effectiveness of rehabilitation
and medical monitoring.

This research presents an innovative architecture
designed to address the assessment and treatment needs
of CMC impairments. CMC impairments can lead to dizzi-
ness, postural instability, and visual problems, highlighting
the importance of precise assessment and treatment tools.
Available solutions still need the necessary features for
comprehensive patient progress monitoring in this field.

The proposed architecture addresses this challenge by
implementing an advanced and adaptable platform. This
platform utilizes cutting-edge technologies such as the
Internet of Things (IoT) and pattern detection to gather
essential data related to CMC.

One of the main aspects of this architecture is its ability
to dynamically adapt to each patient’s individual needs.
We achieve this purpose by integrating a multiagent sys-
tem adapted to the context-aware framework, allowing for
the customization of assessments and treatments based on
the characteristics and progress of each individual.

In addition to the precise assessment of CMC, this
architecture also incorporates a therapeutic dimension.
The results obtained in a pilot study indicate that thera-
peutic interventions performed with this platform’s assis-
tance can positively impact the accuracy of performance
in various CMC tests.

This architectural approach not only focuses on objec-
tive assessment but also on improving CMC through per-
sonalized therapeutic interventions. More specifically, the
proposed architecture can be observed in Fig. 2.
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2.1.1 Monitoring organization (MO)

This organization is responsible for managing and control-
ling the various virtual organizations and agents on the plat-
form, along with the context collected by the other organiza-
tions. The agents that make up this organization are:

e Services Agent (SA): This agent enables the communi-
cation of external services with the virtual organization
of agents. In this way, it allows for the integration of new
agents, as well as virtual organizations, seamlessly. Simi-
larly, it manages system information, enables high-level
context analysis, and distributes global system informa-
tion.

e Monitor Agent (MA): This agent is responsible for peri-
odically checking the system’s status. It is responsible for
detecting information overload, conflicts between agents,
component or resource failures, and inconsistencies in
agent states.

¢ Administrative Agent (AA): This agent is responsible
for indicating the services available from all agents that
system agents can request. When a new agent wants to
join the system, it must inform this agent of the services
it provides so that it can determine which services are
available to other agents.

e Timestamp Agent (TA): This agent must include date/
time information in the data before storage.

¢ Context Reasoner Agent (CRA): This agent aims to
produce high-level context information based on the
output obtained from the context aggregation organiza-
tion. Applying pattern recognition techniques enables the

Personalization and Therapeutic Intervention prlications
Organisation

Therapeutic
Session
Execution

Healthcare
~\\ Professional
Interface
Agent

Data
Visualisation
Agent

Patient
Interface
Agent

Outcome
Evaluation ‘

\ and Reporting

Planning and
Scheduling

Profiling

Communication
and Notification
Agent

Personalisation
and Adaptation
Agent

Monitoring
and Adjustment

Cloud
Database

Fig.2 System Architecture
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determination of the correct execution of the exercise
by the patient, their current status, and their progression
during the exercise. It also provides a broader context by
detecting patterns, irregularities, patient needs, and more.

¢ Repository Manager Agent (RMA): This agent man-
ages all the data generated by the system’s organizations.
It serves as an interface between applications and other
modules with the database, addressing all computational
needs related to data privacy and security.

2.1.2 Acquisition organization

This organization plays a crucial role in gathering informa-
tion about head and neck movement postural balance. This
organization aims to provide accurate data for assessing and
treating cervical motor control impairments. The agents that
are part of this organization include:

e Accelerometer Agent (AcA): This agent specializes in
processing data from the accelerometer component of
an IMU. Its primary function is to interpret variations in
linear motion and determine the device’s orientation with
respect to gravity. By analyzing acceleration patterns, it
can ascertain movements like tilting, shaking, or swift
changes in direction, ensuring that the IMU captures
accurate motion dynamics.

e Gyroscope Agent (GA): Focused on the rotational
aspects of movement, the Gyroscope Agent interprets
the angular velocity data derived from the gyroscope.
It provides insights into how fast and in which direction
the device is rotating. By continuously monitoring these
rotations, the agent aids in determining the device’s ori-
entation and any changes to its position in three-dimen-
sional space.

e Magnetometer Agent (MagA): Operating in tan-
dem with the other sensors, the Magnetometer Agent
is responsible for capturing the Earth’s magnetic field
data. It essentially functions as a digital compass, helping
determine the device’s orientation relative to the North.
This agent’s readings, when combined with those from
the accelerometer and gyroscope, can offer a comprehen-
sive understanding of the device’s position in the world.

e Calibration Agent: The accuracy of an IMU is para-
mount, and the Calibration Agent ensures this by reg-
ularly checking the sensor’s outputs against expected
values. If discrepancies or drifts are detected, this agent
instigates corrective measures, recalibrating the IMU
to maintain precision. Its proactive monitoring helps in
mitigating errors that could arise from environmental fac-
tors or prolonged usage.

¢ Sensor Fusion Agent (SFA): As the name suggests, this
agent acts as the integrator of data from the accelerom-
eter, gyroscope, and magnetometer. By synergizing the
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information from these sources, the Sensor Fusion Agent
creates a cohesive and enhanced representation of the
device’s movement and orientation. This fusion process
ensures that the combined output is more accurate and
reliable than any single sensor’s readings on its own.

e Acquisiton Comunication Agent (ACA): It is a central
point for integrating data from all the previously men-
tioned agents. Subsequently, it sends the information
obtained from the multiple data sources in the system
for context analysis.

2.1.3 Context analysis organization

It carries out the interpretation of the data collected by the
Acquisition Organization and the identification of patterns
that can help understand CMC impairments and guide the
treatment. More specifically, the agents belonging to this
layer are as follows:

e Preprocessor Data Agent (PDA): This agent exists as
a preliminary step before feature extraction and context
management. It is responsible for gathering informa-
tion from interdependent devices and unifying the data
received from them. It also filters the data, validating and
correcting it if necessary.

¢ Feature Extractor Agent (FEA): This agent is respon-
sible for characterizing the raw information received,
which allows it to identify the user and their environ-
ment. Specifically, this component identifies the move-
ments captured by the motion sensors. It also identifies
other features, such as posture and coordination.

¢ Context Classifier Agent (CCA): This agent is respon-
sible for classifying the previously extracted features,
resulting in mid-level information. To do this, it will
combine the extracted features, and by using time series
algorithms, it will be possible to detect abnormal patterns
such as uncontrolled movements, tremors, or restrictions
in the range of motion of the head. It also analyzes pos-
tural stability and looks for patterns of imbalance or unu-
sual responses to balance tests.

2.1.4 Applications organization

This organization is responsible for interacting with the
developed system and users, including healthcare profes-
sionals and patients. The agents that make up this organiza-
tion are as follows:

e Healthcare Professional Interface Agent (HPIA):
It focuses on providing a user interface specifically
designed for healthcare professionals, such as physi-
otherapists and doctors. It allows users to record patient
data, access assessment results, and track treatment pro-
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gress. Additionally, it provides data visualization tools
and graphs to assist professionals in making informed
treatment decisions.

¢ Patient Interface Agent (PIA): It focuses on patients,
providing a user interface to participate in the assessment
and treatment of CMC. It offers a user-friendly inter-
face that guides patients through the prescribed tests and
exercises in a virtual environment. It provides real-time
feedback during treatment sessions, such as visual and
auditory instructions, to ensure that patients perform the
correct movements and follow the guidelines effectively.

e Data Visualization Agent (DVA): It focuses on present-
ing data clearly and understandably for healthcare profes-
sionals and patients. It offers interactive charts, tables,
and visual representations that display the patient’s pro-
gress over time. This agent helps users better visualize
the results and the evolution of CMC impairments.

e Communication and Notification Agent (CNA): It
allows communication between healthcare profession-
als and patients through the platform. It enables the
exchange of secure messages and important notifications,
such as appointment reminders, treatment updates, or
patient progress feedback. This communication feature
enhances collaboration and treatment monitoring.

2.1.5 Personalization and therapeutic intervention
organization

This organization is responsible for adapting tests and treat-
ments to the individual needs of patients, as well as provid-
ing continuous monitoring to improve patient function. This
organization includes specialized agents that work together
to ensure a highly personalized assessment and treatment
experience. They also execute personalized treatments and
monitor the progress of patients. The agents that make up
this organization are:

e User Profiling Agent (UPA): It is responsible for collect-
ing and analyzing each patient’s medical history, cervical
injury history, and previous CMC test results. It uses this
data to create a unique profile for each patient, enabling
effective customization of tests and treatments.

¢ Personalization and Adaptation Agent (PAA): It uses
the information collected by the other agents to person-
alize the tests and treatments. It adjusts the difficulty
of the tests based on the patient’s skill level and tailors
therapeutic interventions to individual needs. This agent
aims to optimize the effectiveness of the assessment and
treatment.

e Treatment Planning and Scheduling Agent (TPSA):
It is responsible for designing individualized treatment
plans for each patient, considering their profile and

needs. This agent also schedules therapeutic sessions
and ensures that patients follow them efficiently.

e Therapeutic Session Execution Agent (TSEA): It is
involved in the execution of the planned therapeutic
sessions. It provides instructions and guides the patient
through the specific therapies designed to address CMC
alterations.

¢ QOutcome Evaluation and Reporting Agent (OERA):
It is responsible for assessing the long-term treatment
results. It generates detailed reports on the patient’s
progress over time and contributes to decision-making
regarding the continuation or modification of therapies.

¢ Progress Monitoring and Adjustment Agent (PMAA):
It performs ongoing monitoring of the patient’s progress
during treatment. It uses data collected during therapeu-
tic sessions and makes real-time adjustments to treatment
plans when necessary to achieve the best results.

Regarding agent communication, the designed architec-
ture utilizes the AMQP (Advanced Message Queuing Pro-
tocol) [34]. This open and standardized messaging protocol
offers advanced message routing and queuing features, sim-
plifying robust and real-time communication implementa-
tion. Furthermore, with multiple broker implementations
and libraries available, it can be employed for agent commu-
nication across different environments, as with this platform.

On the other hand, the system employs various databases
for its proper operation and scalability. The system utilizes
the database within the monitoring organization to store
information about the system’s agents, the services each one
provides, and the tasks each agent can perform. It also stores
context-related information for each patient, as determined
by the organization’s agents. Additionally, the system has
an additional database to store specific information related
to the case study.

This multiagent architecture provides a collaborative and
highly adaptive solution for assessing and treating Cervi-
cal Motor Control. The agents work together within virtual
organizations to ensure personalized and coordinated care
for each patient. This characteristic enhances the accuracy
of assessments and the effectiveness of therapeutic interven-
tions, thereby improving the patient’s cervical motor control
health.

2.2 Device

In rehabilitative medicine and motor control assessment, the
evolution and application of sensor technologies, particu-
larly Inertial Measurement Units (IMU), have ushered in a
new era of precision and personalization. The intricate dance
between technology and healthcare has led to significant
strides in understanding and treating motor impairments,
evidenced by groundbreaking research.
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A pivotal study [35] delves into the kinematic analysis
of 360-degree turning in stroke survivors, utilizing wear-
able motion sensors to capture the nuanced movements often
overlooked by traditional assessment methods. This research
underscores the capability of modern sensor technology to
provide detailed, dynamic insights into patient mobility and
the effectiveness of rehabilitative strategies.

Similarly, the research [36] has systematically reviewed
the use of wearable IMU sensors in individuals with spas-
ticity, highlighting the vast potential of these devices in
enhancing the diagnostic process and monitoring progres-
sive treatment outcomes. These investigations demonstrate
the practical applications of IMU sensors in addressing spe-
cific motor impairments and illustrate the broader implica-
tions of sensor technology in revolutionizing patient care.

Integrating IMU sensors into clinical practice represents
a significant leap forward, enabling clinicians to gather real-
time data on patient movement patterns with unprecedented
accuracy and granularity [37]. Beyond stroke and spasticity,
this technology holds promise for many conditions, offering
a window into the patient’s functional abilities and limita-
tions. As we continue to harness the power of advanced sen-
sor technologies, the next frontier involves the development
of sophisticated analytical models capable of deciphering
the complex data streams these devices generate. The goal is
to craft personalized, adaptive interventions that respond to
each patient’s unique needs, thereby enhancing the efficacy
of rehabilitation efforts.

The focus of this proposal lies in a physical device spe-
cifically designed to capture cervical movements precisely.
This device is based on a microcontroller with an ESP32
chip and inertial sensors (IMUs).

Regarding the device, its ergonomic design is worth not-
ing. The device is small and lightweight to be comfortable
for patients. Although the device is designed for the head,
it can be used on other body parts to treat other conditions
due to its adjustable strap. Figure 3 illustrates the developed
device.

The main component of the device is the MPU6050 iner-
tial sensor. This compact device combines a six-axis accel-
erometer and gyroscope, allowing it to measure various
movements and orientations in three-dimensional space. The
accelerometer detects linear accelerations in three directions,
providing information about how the patient’s neck moves in
terms of acceleration and deceleration along different axes.
On the other hand, the gyroscope measures angular rotation
speeds along those same axes, offering a detailed view of the
speed and direction of cervical movements.

The ESP32 can fuse the data captured by the accelerome-
ter and gyroscope. This data fusion combines the advantages
of both sensors and corrects their respective.

limitations. For example, the gyroscope may suffer from
drift over time, while the accelerometer may be affected by
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a) b)

Fig.3 Developed device; a side view; b top view

noise. By fusing the data, we obtain a more accurate and sta-
ble measurement of head and neck movements in all direc-
tions. This technique is important for precise assessment and
the design of specific rehabilitation exercises. The MPU6050
inertial sensor, with its adjustable sampling frequency set
to 500.

Hz for our study, coupled with its high measurement pre-
cision, ensures the collection of a reliable dataset crucial for
the detailed understanding of cervical kinematics. The high-
frequency data capture allows for a more nuanced analysis
of movement patterns, making the information gathered by
this sensor invaluable for accurately assessing the patient’s
condition. These detailed data are essential not only for
evaluating the patient’s cervical motor function but also for
tailoring rehabilitation exercises to meet their specific needs,
ensuring that therapeutic interventions are both precise and
effective.

The device is portable and practical, powered by a bat-
tery that ensures unrestricted operation during assessment
and rehabilitation sessions. One of its standout features
is its automated calibration process. When we initialize
an exercise, the device performs an automatic calibration
that adapts to the initial conditions and the patient’s posi-
tion. This feature always guarantees precise and consistent
measurements.

Bluetooth communication enables the instant transfer of
motion data captured by the inertial sensor to other devices,
such as computers or mobile devices. This type of commu-
nication adds versatility to the device, deleting intermediary
cables.

The portable device allows patients to carry it without
difficulty both within and outside the clinical environment.
Due to its size, it would be possible for patients to take it
with them to perform assessments and exercises at home.

It is worth noting that the information captured by the
MPU6050, once filtered, and fused, is presented in the form
of quaternions (see Fig. 4), a mathematical representation
of orientation in three-dimensional space. Quaternions pro-
vide an accurate and efficient description of the device’s
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orientation in real time, which is essential for assessing cer-
vical movements accurately. Through quaternions, we obtain
linear accelerations and angular rotation velocities in differ-
ent axes, allowing a detailed understanding of the patient’s
neck movements.

A data fusion process combines readings from the accel-
erometer and gyroscope to distinguish movements and
understand cervical kinematics. This data fusion leverages
both sensors’ strengths and corrects their limitations. For
instance, while the gyroscope may experience drift over
time, the accelerometer can be affected by noise. Data fusion
ensures more accurate and stable measurements, crucial
for precise assessment and customization of rehabilitation
exercises.

The information collected through quaternions is not only
essential for assessing the patient’s condition but also crucial
for designing specific rehabilitation exercises. This informa-
tion is integrated with the virtual scenarios used in therapy,
creating an interactive and personalized rehabilitation expe-
rience. Quaternion data tracks the patient’s movement in the
virtual environment and provides real-time feedback.

To collect the data necessary accurately and reliably for
our research on cervical kinematics, it is essential to high-
light the strategic placement of the device. It is positioned
directly on the patient’s forehead, allowing for optimal cap-
ture of neck movements and orientations in three-dimen-
sional space. The choice of this location ensures the device’s
stability during evaluation and rehabilitation activities, mini-
mizing interference with the patient’s natural movement and
maximizing the quality of the collected data. This method-
ology underscores our commitment to generating a reliable
and high-quality data set to properly assess the patient’s
condition and effectively customize rehabilitation exercises.

2.3 Exercises
The platform features two main categories of exercises, each

designed to collect crucial metrics related to the patient’s
positions and accelerations. All metrics are recorded at

a sampling frequency of 100 Hz, ensuring accurate and
detailed data capture.

The first type of exercise presents the patient with a chal-
lenge involving navigating a virtual course. On the screen,
the platform projects a course that can be customized.
Alongside this course, it displays a pointer controlled by
the device held by the patient. The task is to use this pointer
to complete the course, which extends from a starting point
to an endpoint within the virtual environment. During the
course execution, crucial metrics are captured, such as the
time required to complete it, the average deviation from the
desired path, and the maximum deviation from the course.

The customization of the courses on the platform is a
crucial feature that provides flexibility for healthcare profes-
sionals to tailor the platform to patients’ individual needs.
In this context, virtual courses can be configured in multi-
ple ways to offer a personalized rehabilitation experience.
Besides the type of course, whether linear or curved, the
platform allows adjusting the width of the course, adding
an extra level of customization. Courses can be narrower to
challenge the patient’s precision and coordination or wider
to focus on the range of motion and fluidity.

The second type of exercise challenges the user to keep
the pointer, controlled by the device, within a target. These
exercises focus on assessing and improving the user’s ability
to maintain a specific position for a set period and determine
the maximum deviations from that point. The exercises can
be performed with the target in a stationary or mobile posi-
tion, adding an extra challenging component.

In the case of a moving target, there is customization in
the path it can follow. This exercise includes settings for
linear, circular, or accessible movement paths and the ability
to adjust the speed of the target’s movement. This variety of
options allows us to tailor exercises to each patient’s specific
needs and progress in cervical motor control.

The collected data provides valuable information about
the patient’s movement accuracy and speed, contributing
to the evaluation and monitoring of cervical motor control
rehabilitation.

3 Description of methodology employed

3.1 Participants

A pilot study was conducted with the device to determine
its feasibility and usability. A total of 10 participants were
involved, who completed various games offered on the plat-
form. The sample was chosen for convenience and included
five healthy participants and 5 participants with CMC

impairments due to various reasons:

e Two participants had whiplash-related issues.
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e Two participants had chronic nonspecific cervical pain.
e One participant had sequelae from cerebral palsy with
CMC impairment.

The sample was made up of 5 men and 5 women. In the
group with pathology, there were 3 men and 2 women. In
the healthy group, the sample was made up of 2 men and 3
women. The average age of the sample was 40.6 years. The
average height was 1.69 m, and the weight was 69.9 kg, so
the average body mass index was established at 24.5 kg/m2.
This value establishes that the sample was within the normal
weight range.

The present study adheres to the ethical principles of the
Helsinki Declaration. All participants were informed about
the study’s objectives and the intervention to be conducted
and provided informed consent before any interventions.

3.2 Design

A prospective longitudinal intervention study was conducted
with the participants to determine the effect of an interven-
tion on the usability and feasibility of the device developed
as an intervention tool for treating CMC in patients.

Once the participants were included in the study,
their CMC was assessed in various tests under different
conditions.

3.3 Assessment

We used the HRT (Head Repositioning Test), Fig. 5, as the
objective test. To perform it, each participant was seated
with their head and neck in a neutral position and their
hands resting on their legs. In front of them, we placed a
board with four squares one meter away from the partici-
pant. Each square represents a 30° rotation to each side,

Fig.5 CMC assessment with the HRT (head relocation test)
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a 25° flexion, and a 25° extension. The central point of
each square was marked with a 5 mm diameter circle. A
laser attached to a tape was placed on the participant’s
head and guided them to the center of each square. After
reaching the center, the participant had to close their eyes
and return to the starting position as accurately as possi-
ble. Several test attempts were made until the participant
understood the task, and finally, the deviation from each
position (flexion, extension, and rotation) to the starting
point was measured [38].

Furthermore, the system, along with the proposed archi-
tecture, was used to determine if the developed device can
serve as a tool to assess patients’ progress after therapeutic
intervention. We considered that both would assess different
CMC components for selecting these games. Therefore, one
game with a fixed background and another with a moving
background were selected. Additionally, both games had
moderate difficulty challenging participants without being
excessively difficult, ensuring that all participants could
complete the test.

Regarding the section on CMC evaluation with a fixed
background, we used the first type of game on the platform,
which includes fixed circuits that the participants must
complete. This game assesses the ability to make precise
movements in all directions while trying to follow a path
without deviation. This is one of the challenges faced by
people with CMC disorders, making it highly relevant to
determine the participants’ capacity to complete a task with
these characteristics.

Once the type of task was determined, the first circuit
within this game was selected due to its requirement for
movements in all directions, including flexion, extension,
and rotation. It was the most homogeneous circuit in terms
of the movements required. The difficulty level of the game
was also taken into account. A pilot test was conducted
among the participants to determine a level at which they
could all complete the circuit satisfactorily but would still
make errors. This pilot test allowed the participants to prac-
tice and avoid the potential effects of subsequent training
on the results. Consequently, the participants showed the
training effect in the initial and final assessments.

To align the test with the HRT, the participants sat in a
chair with their backs straight and necks in a neutral posi-
tion, with their hands on their legs. They positioned one
meter away from a television screen where the game was
projected, placing the device in the middle of their forehead.
In this position, the game was calibrated to determine the
initial position, set at level 3 of circuit 1 in the first game
(Fig. 6). We asked them to complete the circuit from the
initial point to the end at an appropriate speed while trying
not to leave the green-colored area. The time spent correctly
completing the circuit, the time spent outside of it, the num-
ber of errors made, and instances of leaving the circuit, as
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Fig.6 Evaluation of the CMC
with the circuit belonging to the
first set of the device

well as the maximum distance they traveled during these
errors, were recorded.

The last assessment test also used the developed device,
but a test with a moving background was employed this time.
For this test, we used the system’s second type of game,
where targets appear, and the participant’s goal is to keep
the reference point within the center of the target. In this
test, the objective was to determine if the participant could
track a moving background, which requires a strong CMC
since it demands that the participant adapt their movements
to the speed set by the test. We discarded the stationary
target because the goal was to track a moving background.
To choose the test that best determined the ability of our
participants, a pilot test was carried out with all of them
to determine the test that best discriminated their situation.
Once again, this pilot test was used to prevent the training
effect from interfering with the study’s results.

After conducting this pilot test, we determined that the
assessment with a moving background should be performed
outside, within the second game (Fig. 7), with the horizon-
tally moving target. Considering the average time taken to
complete the circuit in the previous test and aiming for a
similar time, we used a recording time of 20 s, and the dif-
ficulty level was set at 3. Participants were placed in the
same position as in the previous test, and the developed
device was calibrated to start in the middle position. Once

Fig.7 Evaluation of the CMC
with the second set of the
device

the participants moved the mark to the center of the target, it
began moving horizontally, from side to side. We asked the
participants to try to keep the mark within the center of the
target, which required them to make rotational movements
in both directions.

4 Intervention

After assessing the participants, the intervention with the
developed platform to improve their CMC began. Before
conducting the intervention, we instructed participants on
how to use the device, the steps to follow, and the impor-
tance of carrying out the intervention as specified. We
provided them with an instruction booklet detailing all the
intervention steps. The participants went to a room set up
for the intervention at the University of Salamanca. In this
room was a television connected to a computer where the
program for the various games was projected. Participants
were responsible for handling all the elements (television,
mouse, and device) under the supervision of the research
team members. Once the device was in place, the partici-
pants stood on a mark located one meter from the televi-
sion, and if they needed assistance, they could request it at
any point in the process. The television was positioned on
a stand to ensure it was at eye level to properly adjust the
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device’s calibration and work on the cervical movements as
accurately as possible.

4.1 Procedure

The participants completed 12 sessions, with a frequency
of three sessions per week, spanning four weeks. In each
session, the participant was required to complete each pro-
posed game three times. The system adjusted the difficulty
level of the games based on the participant’s progression.
Participants were instructed to conduct training sessions on
alternate days to achieve the three weekly sessions, typically
on Mondays, Wednesdays, and Fridays, ensuring at least one
day of rest between sessions. They were advised to perform
the standing exercises to challenge their CMC from a more
demanding position than sitting.

In the circuits proposed for evaluation, in the case of the
first game, the instruction was that completing it without
errors was the primary goal. Participants were advised to
adjust their movement speed to complete the circuit without
leaving the green-colored area. This game was completed
by the participants who achieved the best performance up
to level 5, but none of them completed this level without
making some errors along the way.

For the targets in the second game, participants were
instructed to try to adapt to the moving target as accurately
as possible. In the case of the game with the fixed target,
the goal was to keep the marker inside the target with their
eyes closed, so the participant had to position the marker in
the center and then close their eyes, attempting to maintain
the posture without errors. This game is especially relevant
for CMC disorders because, in addition to difficulties with
precise movements, problems with maintaining posture are
common due to the impact on the postural tonic muscula-
ture. Participants with greater skill could reach level 4 in
the moving horizontal and vertical targets, level 5 in the
stationary target, and level 3 in the circular moving target
without making errors. These levels were reached without
surpassing the next level.

In addition to the instructions for the various interven-
tions, the importance of taking breaks between each game
was emphasized. This reason is critical to prevent muscular
fatigue from interfering with the intervention’s performance.
Excessive muscular fatigue is a sequela of individuals with
CMC disorders when performing tasks. All participants
were instructed to rest their necks, relax, or move them flu-
idly for 15 or 20 s after each game to prevent interference
from fatigue.

The approximate time spent in each session was about
20 min, with 10 min dedicated to playing the games, 5 min
for transitioning between games, and the remaining 5 min
used for breaks between games.
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Participants had a weekly interview with the research
team to report on the intervention’s progress. They pro-
vided information about possible technical issues addressed
to ensure they did not disrupt the intervention. Participants
also shared any difficulties encountered during the exercises
and asked questions about the progression clarified during
the interview. Additionally, they shared their overall experi-
ence, which was generally positive. All participants reported
a high level of motivation, expressed interest in continuing
with the intervention, and, in some cases, even mentioned
that the session felt short and that they would have liked to
do it longer.

After completing the intervention, we conducted a final
assessment to determine the effect of the intervention. To do
this, they repeated the tests during the initial evaluation, and
the values were recorded after completing the intervention.

4.2 Statistical analysis

After collecting the data from the two assessments, an analy-
sis of this data was carried out. We used the IBM Statistics
SPSS program, version 28, for the statistical data analy-
sis. Initially, an analysis of the data obtained from all par-
ticipants was conducted. Then, the data from each group
(individuals with cervical motor control impairments and
healthy individuals) were analyzed separately. The mean
value and standard deviation for each test were recorded for
all groups and the overall assessment of the participants.
After the results, we conducted an inferential analysis. Non-
parametric tests were used due to the small sample size, as
this was a feasibility pilot study of the device. The Wilcoxon
signed-rank test was used to determine the effect in each
group after the intervention.

Additionally, the differences obtained in each test before
and after the intervention were calculated, and intergroup
differences were determined using the Mann—Whitney U
test. Finally, to determine whether the tests performed with
the device could be comparable to a validated test for cervi-
cal motor control assessment, correlations were examined
between the different tests using Spearman’s correlation.
These tests were conducted with a 95% confidence and sig-
nificance levels of a=0.005.

5 Results

As shown in Table 1, all participants in the sample com-
pleted the intervention and underwent the final evaluation. In
all tests used to assess CMC, a positive change was observed
after the intervention in both groups and the overall sample
considered.

In the HRT, we observed that the movements that ben-
efited the most from the intervention were cervical flexion
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Table 1 Results of the different tests before and after the intervention

Total Patient group Healthy group

Head recolocation test (in degrees)

Initial evaluation

Flexion 3.11+0.72 3.58+0.70 2.64+0.34

Extension 3.04+0.67 358+041 250+0.32

Right Rotation 3.44 +0.47 3.82+0.31 3.06+0.21

Left Rotation 3.76 +0.45 4.14+0.24 3.38+0.19

Final evaluation

Flexion 260+095 2.78+1.36 242+0.32

Extension 275+051 3.14+039 236+0.21

Right rotation 2.86 +0.90 298 +1.34 2.74+0.09

Left rotation  3.64 +0.42 4.00+0.23 3.28+0.16

Evaluation with fixed background

Initial evaluation

Time inside 17.77 +£5.43 14.88 +4.44 20.66 +5.09
(sec)

Time outside  2.22+2.02 344+197 1.00+1.26
(sec)

Errors (num-  6.00+4.19 8.80+3.56 3.20+2.68
ber)

Deviation (cm) 0.24 +£0.17 0.36+0.15 0.12+0.09
Final evaluation

Time inside 15.50+4.39 13.96 +3.83 17.04 +4.77
(sec)

Time outside  1.69 +1.50 2.76 +1.39 0.62 +0.54
(sec)

Errors (num- 290 £2.33 420+205 1.60+1.95
ber)

Deviation (cm) 0.14 £0.10 0.21+0.06 0.07 +£0.08

Evaluation with fixed background
Initial evaluation

Time inside 16.50 +1.69 15.72+2.16 17.28 +0.50
(sec)

Time outside 348 +1.71 428 +2.16 2.68+0.53
(sec)

Errors (num-  9.20+3.33 11.40+3.36 7.00+1.22
ber)

Deviation (cm) 4.91+0.19 5.02+0.15 4.80+0.16
Final evaluation

Time inside 1795+ 141 1698 +1.22 18.92+0.77
(sec)

Time outside  2.05+1.41 3.02+122 1.08+0.77
(sec)

Errors (num-  4.00+2.49 6.00+1.58 2.00+1.22
ber)

Deviation (cm) 3.99 +1.56 4.92+0.26 3.06+1.80

All values are shown as mean =+ standard deviation

and right rotation, where, after completing the intervention,
a minor deviation with a higher mean value was observed.
The movement with the least difference was cervical inter-
nal rotation, where the deviation value changed by only 0.1

degrees. When looking at the groups in this same test, we
observed that the group with cervical pathology showed the
most significant difference after the intervention, as there
was a substantial change in all movements except for left
rotation, where the change was smaller. In the group of
healthy individuals, we observed minor changes, maintain-
ing similar values, with a slight decrease in deviation in all
of them.

Regarding the evaluation carried out with the developed
device while maintaining a fixed background and asking
the participant to move their neck to complete the proposed
circuit, a global observation revealed that the time the par-
ticipant took to complete the test was reduced. Both the time
spent inside the circuit and the time spent outside decreased.
The number of errors decreased to less than half after com-
pleting the intervention. Additionally, the maximum devia-
tion in one of the errors decreased by nearly half, resulting
in a maximum deviation of only 0.14 cm.

In this same test, the performance of participants with
CMC disorders improved after the intervention. The average
time they took to complete the circuit in the test decreased
by almost two seconds. The time the participant spent out-
side the circuit was reduced, and the number of errors too.
They also exhibited a lower maximum circuit deviation, with
a 0.15 mm difference between the beginning and end of the
intervention.

The differences found in this test were more significant
in the group of healthy participants. The average time they
needed to complete the test was three seconds less. The time
spent outside the circuit was reduced to less than a second,
and the average number of errors was less than two, halv-
ing the average value obtained before the intervention. The
maximum circuit deviation after completing the intervention
was less than 1 mm.

When analyzing the evaluation conducted using the
developed device with a moving target that participants had
to track for 20 s, we found that the results were consistent
with the other two tests. Overall, the results were satisfac-
tory, as the participants demonstrated that they could stay
within the target longer. The time they made errors was
reduced by up to two seconds (10% of the total test time).
The number of errors decreased by three points, and the
maximum deviation from the target decreased by 1 cm.

In this same test, the group with cervical pathology dem-
onstrated an increased ability to stay within the target for a
longer duration, reducing their average number of errors to
almost half, decreasing from nearly 12 to 6 errors. The val-
ues obtained for the maximum deviation from the target were
lower, although not statistically significant. Conversely, in
the group of healthy individuals, the performance in this test
significantly improved by the end of the study. They showed
the capacity to correctly perform the task for nearly two
seconds longer than at the beginning of the study, reducing
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their average number of errors by threefold, decreasing from
7 to 2 errors, and the maximum deviation from the target
decreased by almost two centimeters.

While both groups improved in the measured parameters,
it was observed that the difference in the number of errors
was more remarkable for the group of individuals with
cervical motion disorders in the assessment with a fixed
background, and the improvement was more evident in the
group of healthy individuals in the assessment with a mov-
ing background.

When conducting an inferential analysis of the results, the
following was observed (Table 2):

In the HRT test, statistically significant values were only
found in the group of individuals with CMC alterations to
compare post-intervention and pre-intervention values in the
extension movement. In all other cases, the values were not
statistically significant.

The most significant statistical differences were found
in the CMC assessment using the developed device with
a fixed screen background. We observed significant val-
ues in both groups in the number of errors between the
beginning and the end, which decreased in both groups.
In the group of healthy individuals, these differences were
also observed in the time they spent inside the circuit,
which was longer than at the beginning of the study. Fur-
thermore, in this test, significant differences were found
between the two groups when analyzing the differences in

Table 2 Statistical significance (p) found in different assessment tests

Pathology group Healthy group Intergroup

difference
Head relocation test (in degrees)
Flexion 0.131 0.176 1.000
Extension 0.043* 0.221 0.056
Right rotation ~ 0.078 0.068 0.680
Left rotation 0.465 0.066 1.000
Evaluation with fixed background
Time Inside 0.685 0.042* 0.016"
(sec)
Time Outside  0.078 0.336 0.222
(sec)
Errors (number) 0.042* 0.039* 0.032"
Deviation (cm)  0.225 0.078 0.151
Evaluation with moving background
Time inside 0.080 0.498 1.000
(sec)
Time outside 0.080 0.043* 0.421
(sec)
Errors (number) 0.043* 0.041* 1.000
Deviation (cm) 0.786 0.345 0.222

“ An asterisk is attached to values that are statistically significant
when p<0.005
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both the time spent inside the circuit, with the group of
healthy individuals showing a more significant difference,
and in the number of errors, in which case, the group of
individuals with pathology showed a greater difference.

Finally, in the assessment test using the developed
device with a moving screen background, differences were
found in the number of errors between the beginning and
the end in both groups, with fewer errors in both cases.
Additionally, we observed a significantly shorter time
outside the circuit at the end of the study in the group of
healthy individuals. No statistically significant differences
were found when analyzing the intergroup data.

In the analysis of correlations between the vari-
ous assessment tests, the following results were found
(Table 3):

The test of the developed device with a fixed back-
ground, completing a circuit, showed statistically signifi-
cant correlations between its different recorded aspects.
Thus, an inverse correlation was found between the time
inside and outside the circuit, the time inside the circuit
and the errors, and the time inside the circuit with the
maximum deviation that occurred during the test. When
analyzing data pairs, there was a direct correlation between
the time outside the circuit, the number of errors produced,
and the maximum deviation reached.

In addition to the correlations found within the same
test, statistically significant correlations were found with
the rest of the tests. When comparing this test with the
HRT, the most commonly used test to assess the CMC,
we found a significant direct correlation between the time
participants spent making errors and the extension, right
rotation, and left rotation parameters of the HRT. There
was also a significant direct relationship between the num-
ber of errors during the circuit test and the extension and
left rotation parameters of the HRT.

Regarding the test performed with the developed device
with a moving background, that is, keeping the mark
inside the target, it was observed that there was a statisti-
cally significant correlation between its different aspects,
except for the maximum deviation produced. We found an
inverse correlation between the time spent inside the target
and the time spent outside and the number of errors during
the test. The number of errors correlated directly with the
time spent outside the target.

This test demonstrated that the number of errors made
in the target test had a statistically significant and direct
correlation with all the parameters assessed in the HRT.
Within the HRT test, the only parameters that showed a
statistically significant and direct relationship were exten-
sion and flexion.
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Table 3 Correlations established between different assessment tests

CIRC  CIRC CIRC CIRC TT TT TT TT LAS LAS LAS LAS

_TI _TO _ERR _DEV _TI _TO _ERR _DEV  _FLEX _EXT _RR _LR
CIRC_TI 1.00 -0.82**  —-0.74*  -0.90**  0.53 -0.53 -0.61 0.11 -0.59 -0.58 -0.60  -0.55
CIRC_TO 1.00 0.95%* 0.83** -0.66"*  0.68" 0.91* -0.01 0.52 0.63* 0.72*  0.64*
CIRC_ERR 1.00 0.73* -0.82**  0.84** 0.95* 0.17 0.55 0.73* 0.58 0.64*
CIRC_DEV 1.00 -0.45 -0.46 0.62 -0.33 0.60 0.53 0.58 0.37
TT_TI 1.00 -0.99**  -0.72*  -0.22 -0.31 -0.55 -024  -0.59
TT_TO 1.00 0.74* 0.21 0.33 0.59 0.26 0.56
TT_ERR 1.00 0.21 0.64* 0.76* 071 0.72*
TT_DEV 1.00 0.01 0.10 -0.12 033
LAS_FLEX 1.00 0.83"  0.61 0.47
LAS_EXT 1.00 0.61 0.39
LAS_RR 1.00 0.61
LAS_LR 1.00

CIRC TI: circuit test, time inside; CIRC TO: circuit test, time outside; CIRC ERR: circuit test, errors; CIRC DEV: circuit test, maximum devia-
tion; TT TI: target test, time inside; TT TO: target test, time outside; TT ERR: target test, errors; TT DEV: target test, maximum deviation; LAS
FLEX: laser test, flexion; LAS EXT: laser test, extension; LAS RR: laser test, right rotation; LAS LR: laser test, left rotation.

*: p<0.05. #*: p<0.01

6 Discussion

This study demonstrates the platform’s feasibility and the
device’s utility as an assessment and treatment tool for indi-
viduals with CMC disorders of various causes. Regarding the
effectiveness of this device for treating these disorders, we
observed that a 4-week intervention is sufficient to improve
CMC in healthy individuals and those with pathology. All the
variables studied improved in both groups at the end of the
study, indicating that the device positively affects the neck. If
we look at the results obtained with the HRT, they show that
the component of movement that benefited the least from this
training was internal rotation. This benefit may be because,
especially in the first game, the component is worked on the
least. The circuits were designed to be performed from left
to right, so except for the initial movement to start the circuit,
the rest of the time, the other components are worked on
more specifically. This can be a simple limitation in design-
ing new circuits following the reverse direction.

When using the assessment test with a fixed background
on the device, we found that participants quickly made fewer
errors, and the errors they did make were less significant.
The training effect improved both groups, with better results
in terms of the number of errors for participants with CMC
disorders.

On the other hand, when applying the test with a moving
background, healthy participants showed better results in the
number of errors made. This may be because, in this type of
test, the fact that the background is in motion involves the
oculomotor system and contributes to cervical motor con-
trol. This task may require less effort in healthy individuals

than in those with CMC disorders. Even though the visual
system may not be specifically affected, disruptions in other
sensory information can complicate the task for those with
CMC disorders. For this reason, this type of test becomes
an ideal tool for assessing healthy individuals or individuals
with minor cervical abnormalities.

Nonetheless, despite the differences observed in both
tests, all the collected values improved at the end of the
study. Therefore, although the number of errors was the only
statistically significant value in both groups, the failure to
achieve greater differences may be due to the small sample
size characteristic of the type of study conducted.

When evaluating the device as an assessment tool, we
observed that the two tests conducted were consistent, and
the provided values correlated. As a future line of research,
we propose expanding the study and undertaking a valida-
tion process. Suppose the results align with the current find-
ings. In that case, choosing the test value that provides the
most information might be possible, thus reducing data col-
lection time and the number of study variables.

The most significant finding for us was the correlation
between the number of errors in the test with a moving back-
ground, which appears to have a strong relationship with the
HRT. In this regard, it would be interesting to conduct a vali-
dation study to determine if they have the same reliability
and sensitivity [13]. If so, the developed device assessment
is more straightforward, quicker, and easier to administer. It
is also more engaging and understandable for patients. All
of these are clinical advantages that should be considered.
Furthermore, the provided values are much more precise
than those from the HRT, allowing for greater objectivity
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in assessing a patient’s condition and tracking even minor
changes in their progress.

Undoubtedly, one of the significant advantages of this
device is its compact size and portability. Participants
reported that it did not cause any discomfort, and after a few
minutes of wearing it, they hardly noticed it was there. This
allowed participants to move freely without their posture or
mobility being affected by the device.

This is also achieved with tools like Motion Guidance
[39]. However, data recording with analog devices becomes
a process that involves a high degree of subjectivity. The
records are manual and approximate. In contrast, the devel-
oped device provides all this information with high preci-
sion, digitally, and with easy access to the data.

Furthermore, another advantage it offers is the ability to
adjust the exercise difficulty progressively and automatically
according to the patient’s functional status. This means par-
ticipants could use it independently at home and supplement
their therapy with the device.

The most prominent aspect highlighted by the par-
ticipants was its interface. The fact that it is designed as a
game distracts the participants from being in therapy and
immerses them in the gaming experience. Everyone reported
high satisfaction with the program, high motivation when
using it, and a willingness to continue if necessary. This
makes the developed device a highly viable element for use
in clinical practice.

Finally, it is important to highlight the growing importance
of Inertial Measurement Units (IMU) in assessing the range
of motion and diagnosing movement disorders. Specifically,
studies like [40, 41] have conducted their research in a context
like ours, reinforcing the relevance of our investigations in
this field. The study [40] provides evidence of the reliability
and validity of IMUs in measuring cervical range of motion,
establishing a solid foundation for their clinical application.
Study [41] extends this application to a specific context of
patients with cervical dysfunction, showing how IMUs can
capture functional limitations in daily life. Our study builds on
this foundation, further exploring the accuracy of IMUs across
a broader spectrum of movement disorders, highlighting both
the capabilities and limitations of this technology.

Comparing these works, it is evident that while the accu-
racy and applicability of IMUs in movement evaluation have
been widely demonstrated, the specific context of use (e.g.,
populations with specific conditions like CMC disorders) can
significantly influence the findings. Our study adds to this
discussion by examining how these contextual differences
affect the interpretation of IMU data and its relevance for
diagnosis and treatment. Study [40] focused on the detailed
evaluation of the cervical range of motion in a healthy popu-
lation, showing the reliability and validity of IMUs. Study
[41], on the other hand, explores functional limitations in
patients with cervical pathology, revealing how IMUs can

@ Springer

capture significant differences in ROM during daily activi-
ties. Our study contributes to this conversation by assessing
the effectiveness of IMUs in a wider spectrum of movement
disorders, highlighting both the universality and limitations
of this technology in various clinical contexts. This discus-
sion reinforces the idea that although IMUs are powerful
tools for movement evaluation, their application must be
carefully considered based on the specific clinical context
and patient needs. This discussion highlights the need to
adapt IMU technology to the clinical context and specific
characteristics of the patient, a fundamental principle in our
study. By comparing the methodological approaches and out-
comes of [40] and [41] with ours, we emphasize how each
study contributes to a deeper understanding of IMU applica-
tion in movement disorder evaluation. This comparison not
only underscores the validity and utility of IMUs in vari-
ous contexts but also emphasizes the importance of ongoing
innovation and the development of more precise and adap-
tive measurement techniques. Aligning with these previous
research efforts and extending their application, our work
proposes future directions for research and clinical practice,
supporting a more personalized and contextualized use of
IMU technology in diagnosing and treating movement disor-
ders, paving the way for significant advancements in the field.

7 Conclusions and future work

The present study has demonstrated the feasibility and util-
ity of the developed device as an effective instrument for
assessing and treating individuals with Cervical Motor Con-
trol (CMC) impairments of various causes. One of the most
notable advantages of the device is its size and portability.
Participants reported that they did not experience discomfort
and practically forgot they were wearing the device after a
few minutes of use. This result allowed them to maintain
their freedom of movement without restrictions. Data record-
ing with analog devices, such as Motion Guidance, often
involves high subjectivity and approximate manual records.

In contrast, the developed device provides high-precision
digital and accessible information. Another significant advan-
tage is the ability to automatically adjust the exercise difficulty
based on the patient’s functional status. This allows patients
to use the device autonomously in their homes, thereby com-
plementing their therapy. Participants highly praised the plat-
form’s interface. The gamification approach allowed patients
to immerse themselves in the experience without feeling like
they were receiving therapy. The high levels of satisfaction,
motivation, and willingness to continue using the device make
it a promising tool for clinical practice implementation.

In future lines of work, expanding the study and under-
going a validation process to consolidate the findings is
suggested. The correlation between the test with moving
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background and the HRT should be further explored to
determine its reliability and sensitivity. The development of
new circuits that include reverse movements to address the
observed limitation in left rotation could also be considered.
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