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Abstract. Cervical dystonia, a neurological disorder characterized by involuntary
muscle contractions in the neck, presents significant challenges in symptom moni-
toring due to its fluctuating nature. Current clinical assessments are limited by time
constraints and infrequent patient visits. This paper presents the feasibility study of
a novel approach to continuous symptom monitoring using a pervasive monitoring
system equipped with 9DOF sensors. The system aims to capture the kinematic
properties of head movement in patients with cervical dystonia, providing detailed
data outside the clinical setting. We outline the development of this system, includ-
ing the integration of sensors with a mobile application for real-time data logging.
Our methodology involves a set of predefined movement protocols, established by
practitioners, to standardize data collection. The system’s performance is evaluated
using both the sensor data and a reference system, OptiTrack, to ensure accuracy
and reliability. Preliminary results confirm the viability of the proposed approach
for tracking cervical-dystonia specific head movements.
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1. Introduction

Cervical dystonia (CD), a distinct form of focal dystonia, presents with involuntary mus-
cle contractions in the neck, leading to abnormal movements and postures of the head
[1]. This movement disorder, while not widely prevalent [2], significantly impacts pa-
tients’ quality of life [3]. The dynamic nature of CD symptoms, changing pattern [4], and
intensity of movements, pose challenges for effective monitoring and treatment. Current
clinical assessments [5], largely reliant on visual inspections and patient feedback dur-
ing infrequent consultations, lack the granularity and consistency necessary for optimal
management of the condition. In the pursuit of a more precise understanding of cervical
dystonia, ongoing efforts focus on developing objective measurement tools that can ac-
curately assess the severity and progression of this neurological disorder, paving the way
for improved diagnostics and tailored therapeutic interventions [6,7,8,9].

1.1. Background and Related Work

Traditionally, Botulinum toxin injections are the primary treatment for CD [10,11], tar-
geting specific muscles to alleviate symptoms. However, the selection of muscles for
treatment is largely subjective, based on the clinician’s experience and observation during
the brief patient interaction. To address this challenge and enhance the precision of thera-
peutic interventions, recent efforts have delved into comprehensive analyses, such as the
tables of abnormal head and neck postures labeling muscles involved in cervical dystonia
[12,13]. These tables provide a valuable reference, offering a more systematic approach
to muscle selection and contributing to the ongoing pursuit of refining and standardizing
treatment protocols in cervical dystonia. This approach, while beneficial, is limited by
its dependence on the unknown accuracy of these assessments and the inability to track
symptom progression continuously.

The advent of wearable sensor technology offers a promising avenue for more ob-
jective and continuous monitoring of CD symptoms. Recent studies have employed var-
ious forms of wearable sensors, including inertial measurement units (IMUs), to cap-
ture the kinematic properties of movement disorders [14,15]. These technologies have
shown potential in providing detailed insights into the movement patterns and anomalies
associated with conditions like Parkinson’s disease and essential tremor [16,17]. How-
ever, their application in the context of CD, particularly for at-home monitoring, remains
under-explored.

In this light, our study introduces a novel application of the Movesens sensor, a type
of 9DOF (Degrees of Freedom) sensor, to capture the intricate movements and postures
associated with CD. This approach aligns with the growing interest in pervasive health-
care monitoring systems, where the focus is on integrating technology seamlessly into
patients’ daily lives for continuous health data collection.

This paper aims to bridge the gap in CD monitoring by presenting a feasibility study
of the Movesens sensor system in accurately capturing head and neck movements spe-
cific for CD. By doing so, it contributes to the limited but growing body of knowledge
on the use of sensor-based technologies in the nuanced assessment of cervical dystonia.
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2. Materials and Methods

2.1. System Architecture

The system architecture integrates 9DOF Movesens sensors placed strategically on the
patient’s body, particularly on the back of the head above the neck. These sensors com-
municate via Bluetooth with a custom-designed Android mobile application, which logs
the sensor data. The application serves as the interface for data collection, providing a
streamlined process for recording and analyzing movement data as the data is stored in
the cloud after recording and immediately available to researchers or practitioners for
analysis (Figure 2). The architecture emphasizes ease of use and minimal intrusion, with
the end goal of allowing for effective data capture in a home environment. This setup en-
ables the continuous monitoring of patients, offering a more comprehensive understand-
ing of the progression and variability of cervical dystonia symptoms over time.

The Movesense Active sensor is a versatile and compact device designed for motion
tracking and heart rate monitoring. Equipped with a 9-axis IMU (Inertial Measurement
Unit), it provides precise data on movement and orientation. The sensor includes an ac-
celerometer, gyroscope, and magnetometer, enabling it to capture a wide range of mo-
tions accurately. Its small size and lightweight design make it ideal for wearable applica-
tions, allowing it to be easily integrated into various settings without causing discomfort.
This sensor is particularly suitable for detailed motion analysis in medical and sports
contexts.

Figure 1. Schematic overview of the system and how data is transferred: first from sensor to mobile app (via
Bluetooth), next to the cloud, and finally to the practitioner (both via the internet)

2.2. Mobile Application

We designed an Android mobile application (Figure 1) that communicates with the
Movesense sensors and records their data. The app simplifies the connection process and
provides clear instructions for each step of the setup, such as placing the sensors in the
initial position, attaching them to the participant, and starting the data logging. Once the
data collection is done, the application saves the raw sensor data locally on the phone in
a CSV format and also transfers it to the cloud for easier access and analysis.

We are also planning to add an additional feature to the app, that will allow users
to access statistics related to recorded data. These statistics will provide details such
as measurement dates and times, session durations, and identification of specific events
during sessions, such as notable angular deviations and their durations.
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Figure 2. Screenshots showcasing the user interface of the Android mobile application.

The application also enables the user to calibrate the gyroscope and accelerometer
of the Movesense sensors to enhance their accuracy. Moreover, it has built-in features
to ensure data quality and reliability. For example, it tries to reconnect to a Movesense
sensor if the connection is lost and shows the live data from the sensors so that the user
can check their normal operation. Additionally, the app indicates the number of expected
and received packets from each sensor, so that the user can detect any irregularities.

2.3. Measurement Protocol

The initial methodology used consists of a short protocol designed for evaluating head
and neck movements in individuals with cervical dystonia. This protocol involves a se-
ries of predefined movements, including rotations, lateral flexions, forward and back-
ward flexions, as well as trembling (tremor) of the head. The movements are designed
to systematically capture the range of motion and patterns specific to cervical dystonia.
They are presented in Table 1. To give visual feedback to the subject during execution,
a special semicircular panel was constructed with angles of different rotations and flex-
ions clearly marked. The subject is then equipped with a laser pointer on the head pro-
viding visual feedback for the requested rotations and flexions (see Figure 6). During
these exercises, subjects are monitored using the Movesens sensors, providing real-time
data on their head and neck movements. Subjects receive instructions for each movement
through the mobile app via natural language audio signals. This method ensures clarity
and consistency in the execution of the movements.
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Table 1. Movement Protocol for assessing CD-specific head movements. Total duration 1 minute. This results
in approximately 450kB of data (in a real-world scenario we estimate use of 2 to 3 hours resulting in 50 - 80
MB of data daily).

# Duration (s) Label # Duration (s) Label
1 5 neutral 11 5 neutral
2 5 rotation right 90◦ 12 5 flexion right 35◦

3 5 neutral 13 5 neutral
4 5 rotation left 90◦ 14 5 flexion left 35◦

5 5 neutral 15 5 neutral
6 5 flexion fwd 35◦ 16 5 yes-yes tremor
7 5 neutral 17 5 neutral
8 5 flexion forward 35◦ 18 5 no-no tremor
9 5 neutral 19 5 neutral

10 5 flexion backward 35◦ 20 5 complex random tremor

2.4. Reference Measurements

The quality of 9DOF sensors for CD monitoring was assessed with the use of the Op-
tiTrack system [18] that enables high-precision motion capture, serving as a reference
standard against which the Movesens sensor data was compared. The OptiTrack system
consists of 16 cameras, emitting infrared light and at the same time detecting its reflec-
tion from the small reflective markers, that can be positioned on different objects. This
allows for a robust validation of the sensor’s data accuracy in capturing head and neck
movements.

3. Results and Data Analysis

The rotations around the x (roll), y (pitch), and z (yaw) axis of the 9DOF Movesense
sensor were obtained from its accelerometer, gyroscope, and magnetometer data, fitted
into the Matlab function ahrsfilter, which calculates the corresponding rotations us-
ing the Kalman filter. To validate the obtained results, the Movesense sensor was fixed
on a plate with OptiTrack reflective markers positioned on its corners, as shown in Fig. 3,

Figure 3. A plate with the Movesense sensor and the
OptiTrack reflective markers.

to allow a synchronous tracking of
its motion with the OptiTrack sys-
tem. For the comparison of the ro-
tation obtained with the Movesense
sensor and the Optitrack system, the
Movesense rotation angles were ex-
pressed in the OptiTrack base coordi-
nate system as

MOpt
i = Mi

(
MT

V,1OV,1
)
, (1)

where MOpt
i is the i-th rotation matrix

of the Movesense sensor expressed
in the OptiTrack base coordinate sys-
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tem, Mi is the i-th rotation matrix of the Movesense sensor expressed in the Movesense
base coordinate system, MT

V,1 is the transpose of the first rotation matrix of the Movesense
sensor expressed in the Movesense coordinate system, where the relation MT

V,1 = M−1
V,1

holds, and OV,1 is the first rotation matrix of the OptiTrack rigid body, constructed from
the reflective markers positioned on the plate, expressed in the OptiTrack base coordi-
nate system. The index V denotes that these were the validation measurements, while the
schematic overview of the coordinate system rotations is shown in Fig. 4.

Figure 4. Schematic overview of coordinate systems arrangement during validation. The base Movesense
coordinate system (Mb) and the base OptiTrack coordinate system (Ob) were not aligned, while the coordinate
systems of the Movesense sensor and the Optitrack rigid body created from the reflective markers positioned
on the plate were aligned.

The rotation of the Movesense rotation matrices into the OptiTrack base coordinate
system was possible, as the coordinate axes of the Movesense sensor and the Optitrack
rigid body were pointing in the same directions. The difference in the rotation angles
for some random rotations of the plate obtained from the Movesense sensor and the
OptiTrack system are smaller than 3◦, as shown in Fig. 5.

Figure 5. The difference between the reconstructed pitch, roll, and yaw angles obtained from the 9DOF
Movesense sensors and the reference OptiTrack system.
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Figure 6. A person sitting in front of the screen wearing
the laser pointer and the Movesense sensor on his head.

After the rotation angles ob-
tained with the Movesense sensor
were validated, a measurement of
a person, following the base move-
ments from the predefined movement
protocol shown in Table 1 was per-
formed. The Movesense sensor was
first positioned in such a way that
its coordinate axes were aligned with
the coordinate axes of the screen: the
x axis was pointing horizontally and
perpendicularly to the screen, the y
axis was pointing upwards, and the
z axis was pointing horizontally to-
wards the screen. After the first measurements were performed, the Movesense sensor
was placed on the head of the investigated person above its neck, as shown in Fig. 6. The
schematic overview of the Movesense coordinate system rotations is shown in Fig 7.

Figure 7. Schematic overview of Movesense coordinate system arrangement during measurements.

The Movesense rotation angles were expressed in the screen coordinate system as

Msc
i = MiMT

1 , (2)

where Msc
i is the i-th rotation matrix of the Movesense sensor expressed in the screen

coordinate system, Mi is the i-th rotation matrix of the Movesense sensor expressed in
the Movesense base coordinate system, and MT

1 is the transpose of the 1st rotation matrix
of the Movesense sensor expressed in the Movesense base coordinate system, when the
sensor coordinate system was aligned with the screen coordinate system. The rotation
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angles of the Movesense sensor expressed in the screen coordinate system, obtained by
Eq. (2), are shown in Fig. 8

Figure 8. The pitch, roll, and yaw angles obtained from the 9DOF Movesense sensor, placed on the head of
the participant, performing head rotations. From left to right the coloured columns highlight rotations 2 and 4
(green), flexions 6, 8, 10, 12 (blue), and tremor 16, 18, 20 (red) from the protocol described in Table 1.

4. Discussion and Future Work

The study’s findings highlight that 9DOF sensors are indeed effective in measuring
dystonia-specific movements. This is evident in Figure 8, where each type of movement
is distinctly identifiable on the chart, suggesting that the sensor can differentiate between
the various movement patterns associated with CD.

When comparing the Movesense sensor data with the OptiTrack system, the results
show an accuracy within a 3-degree difference. Considering that current clinical assess-
ments are done approximately with the naked eye, this level of accuracy is a substantial
improvement and suggests that the Movesense sensor could be a viable tool for practi-
tioners in assessing and monitoring CD symptoms.

4.1. Challenges and Limitations

A notable challenge encountered in the study is the sensor’s drift over time, which poses
a limitation for continuous monitoring. This drift needs to be effectively compensated
for to ensure the reliability of long-term data collection. As the precision analysis in this
study was conducted with a single sensor, using multiple sensors on a single participant
could potentially improve accuracy and help to compensate for any sensor drift.

The positioning of the sensors is important not only for data accuracy but also for
patient comfort and social acceptability. Non-stigmatizing solutions, such as integrating
sensors into everyday items like glasses or smart textiles (e.g., hats), could be explored
to enhance wearability.

To strengthen the findings, data from a larger cohort of participants is required. Ad-
ditionally, expanding the protocol to include more movements could yield finer-grained
results and a more comprehensive understanding of the disorder.
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4.2. Future Work

Future iterations of the system could see the processing of data being transferred from
the cloud or a remote machine to the mobile phone. This would allow for immediate
feedback to the user, keeping them informed and engaged in the monitoring process.
Alternatively, processing could be shifted to the sensor node itself [20], which could
conserve energy by transmitting processed data rather than raw data via Bluetooth to the
phone.

The sensor’s battery life could be enhanced through contextually aware approximate
computing [19]. By focusing on disease-specific tremors and discounting data from non-
relevant activities (like riding a bus), the system could adjust the accuracy and sampling
frequency, conserving energy when high precision is not necessary. The exploration of
machine learning techniques to classify movements directly based on raw sensor data
holds promise for further automating and refining the assessment of CD.

In advancing the presented tool for continuous monitoring tool of cervical dystonia,
we will release the Android app’s APK (named CerviTrack) for practitioners to test.
The app’s source code and processing scripts will also be published, supporting further
research and development within the community.

5. Conclusion

In conclusion, our study offers promising insights into the use of 9DOF sensors for the
precise monitoring of CD. The main results indicate that these sensors can effectively
differentiate dystonia-specific movements and are a viable way towards continuous mon-
itoring of CD symptoms.
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