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Original article 

Validity of an inertial measurement unit for the assessment of range and 
quality of movement during head and thoracic spine movements 
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A B S T R A C T   

Background: Patients with spinal pain often exhibit movement limitations and altered motor control, which can 
be challenging to measure accurately in clinical practice. Inertial measurement sensors present a promising new 
opportunity to develop valid, low-cost, and easy-to-use methods for assessing and monitoring spinal motion in a 
clinical setting. 
Aim: This study aimed to investigate the agreement of an inertial sensor and a 3D camera system for assessing the 
range of motion (ROM) and quality of movement (QOM) in head and trunk single-plane movements. 
Methods: Thirty-three healthy, pain-free volunteers were included. Each participant performed movements of the 
head (cervical flexion, extension, and lateral flexion) and trunk (trunk flexion, extension, rotation, and lateral 
flexion), which were simultaneously recorded by a 3D camera system and an inertial measurement unit (MOTI, 
Aalborg, Denmark). Agreement and consistency were analyzed for ROM and QOM by determining intraclass 
correlation coefficients (ICC), mean bias, and with Bland-Altman plots. 
Results: The agreement between systems was excellent for all movements (ICC between 0.91 and 1.00) for ROM 
and good to excellent for the QOM (ICC between 0.84 and 0.95). The mean bias for all movements (0.1–0.8◦) was 
below the minimum acceptable difference between devices. The Bland-Altman plot indicated that MOTI sys-
tematically measured a slightly greater ROM and QOM than the 3D camera system for all neck and trunk 
movements. 
Conclusion: This study showed that MOTI is a feasible and potentially applicable option to assess ROM and QOM 
for head and trunk movements in experimental and clinical settings.   
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1. Introduction 

Spine-related pain is the leading cause of rehabilitation needs 
worldwide (Cieza et al., 2021) and a common reason for people seeking 
care. When compared to healthy controls, people with neck pain 
frequently present with a reduced cervical range of motion (ROM) and 
altered sensorimotor control strategies such as poorer repositioning 
sense or reduced quality of movement (QOM), which can be quantified 
as higher movement jerkiness (Franov et al., 2022; Hesby et al., 2019; 
Moghaddas et al., 2019). 
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Interestingly, despite clinical guidelines and reviews advocating the 
inclusion of the thoracic spine when assessing and managing neck pain 
(Blanpied et al., 2017; Joshi et al., 2019), thoracic movement dysfunc-
tion is still poorly understood (Heneghan and Rushton, 2016; Heneghan 
et al., 2018). Only a few studies have objectively investigated movement 
features of the thoracic spine in neck pain populations (Heneghan et al., 
2018; Joshi et al., 2019). However, the transferability from these studies 
to clinical practice assessment has been limited since the studies (Falla 
et al., 2017; Treleaven et al., 2019; Tsang et al., 2014) primarily used 
expensive high-tech equipment which is often limited to research lab-
oratories and requires expert knowledge to use. 

Technological advancements during the past decades have made it 
possible to use everyday devices such as smartphones for assessing head 
ROM (Elgueta-Cancino et al., 2022), while assessing the quality of 
movement (QOM) has so far been far more challenging, especially in a 
clinical setting. In addition, when considering the trunk, there are far 
fewer options (Furness et al., 2018; Johnson et al., 2012; Moghaddas 
et al., 2022; Morita et al., 2014; Takatalo et al., 2020). Optoelectronic 
motion capture systems, such as 3D-camera systems, are commonly used 
for assessing spinal movements (Papi et al., 2017). However, employing 
these methods in clinical practice is not feasible due to the costs, time, 
and expertise required for implementation. With this in mind, inertial 
measures sensors could be considered an alternative for clinical use to 
record relevant movement variables (Poitras et al., 2019). A recent study 
(Christensen et al., 2023) compared an inertial measuring unit to a 
3D-camera for recordings of head rotations and showed good to excel-
lent agreement for both ROM & QOM. However, the previous study was 
limited by only investigating movements in the transverse plane (rota-
tion), and it was suggested that future studies should investigate 
movement in the sagittal and coronal planes to cover all movements 
included in a clinical assessment of the cervical spine (Christensen et al., 
2023). Being able to use an inertial measuring unit in a clinical setting 

may allow for an objective recording of factors commonly used in a 
clinical evaluation of cervical and thoracic motion, such as ROM and 
QOM, and thereby aid clinical decision-making, as well as evaluate the 
effect of rehabilitation interventions (Christensen et al., 2023). 

This study aimed to determine the concurrent validity and reliability 
of an inertial measurement unit, MOTI, for recording head and trunk 
ROM and QOM by comparing it to a 3D-camera system. 

2. Methods 

2.1. Design 

This cross-sectional observational study followed the Guidelines for 
Reporting Reliability and Agreement Studies (GRRAS) (Kottner et al., 
2011) while adhering to the Strengthening the Reporting of Observa-
tional Studies in Epidemiology (STROBE) checklist for observational 
studies (von Elm et al., 2007). 

2.2. Participants 

Thirty-three healthy male participants were recruited from a uni-
versity setting by convenience sampling. The inclusion criteria were: 
≥18 years old, having no pain from any region of the body, having a 
normal pain-free ROM of neck and trunk movements, and being able to 
speak and read Danish or English. Exclusion criteria were a score >4 
points (8%) on the Neck Disability Index (NDI) (Vernon, 2008), any 
history of pain related to the neck or thoracic spine during the past six 
months, any musculoskeletal, rheumatoid, or neurological condition (e. 
g., fibromyalgia, rheumatoid arthritis, ankylosing spondylitis, multiple 
sclerosis) that could influence a normal pain-free ROM along with any 
previous history of cervical or thoracic surgery. Before commencing the 
study, all participants provided informed consent, after which a 

Fig. 1. Picture of setup (a) and custom cluster for cervical (b & c) and trunk (d) movements.  
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Fig. 2. Individual measures plot with the paired dots connected for head (Cx) movements: ROM and QOM. The thick black line indicates the mean value.  

Fig. 3. Individual measures plot with the paired dots connected for trunk (Tx) movements: ROM and QOM. The thick black line indicates the mean value.  
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physiotherapist conducted a short physical examination to ensure 
normal pain-free cervical and thoracic ROM. The study was conducted 
in accordance with the rules and regulations of the regional ethical 
committee, which state that studies aimed at calibration and validation 
of measurement devices do not require ethical approval (The National 
Committee on Health Research Ethics, 2019). 

A sample size calculation was conducted using MedCalc Software Ltd 
(version 20.110, Ostend, Belgium) to determine the minimum number of 
observations required for Bland–Altman agreement analysis (Lu et al., 
2016). An expected mean bias for ROM of 0.66◦ and an SD of 0.72◦ was 
made based on a previous study (Christensen et al., 2023). Additionally, 
a maximum tolerated difference was established at 3◦ (Jørgensen et al., 
2017). Therefore, with an alpha value of 0.01 and a power of 90%, 33 
participants were needed. 

2.3. Experimental setup 

All assessments were performed with the participants sitting in a 
comfortable position with feet placed flat on the floor with hips and 
knees flexed at approximately 90◦. Participants sat at an oblique angle to 
the 3D camera system to ensure that the markers were visible 
throughout the movement (Fig. 1a). For cervical movements, partici-
pants had their forearms resting on their thighs while seated in a chair 
with a backrest (Fig. 1b and c). For trunk movements, participants 
placed their hands above the iliac crests while seated on a chair without 
a backrest (Fig. 1d). Prior to each new movement direction for the head 
or trunk, participants were instructed to assume their self-chosen up-
right seated position. To limit movement artifacts between the 3D 
camera markers and MOTI (MOTI, Aalborg, Denmark), they were all 
fixated on the same plastic cluster (Fig. 1b and c & d). Attaching an 
inertial measurement along with markers for 3D motion capture to the 
same rigid plastic surface for assessing validity and reliability has pre-
viously been used for head, trunk, and lower limb movements (Brice 
et al., 2020; Brouwer et al., 2021; Christensen et al., 2023; Rattanakoch 
et al., 2023; Teufl et al., 2019). For cervical movements, two 3D markers 
and MOTI were placed on a piece of plastic and mounted on a headband 

(total weight 71g) to assess flexion and extension (fig, 1b) and lateral 
flexion (Fig. 1c). For trunk movements, a custom-made cluster was 3D 
printed and mounted with four markers (two horizontal and two verti-
cal) together with the MOTI unit and placed on the sternum (Fig. 1d). 
The two vertical markers on the chest cluster were used to create the 
movement vector for trunk flexion and extension, while the two hori-
zontal markers were used for lateral flexion and rotation movements. 

2.4. Assessment methods 

A 3D camera system (Optotrak, Waterloo, Ontario, Canada) using 
active markers was used to record the kinematics. The spatial co-
ordinates of the markers were determined by the Optotrak software (NDI 
International, Waterloo, Ontario, Canada) with an accuracy of 0.1 mm and 
a resolution of 0.01 mm (NDI, 2017), which has been commended for its 
ability to assess movement in great detail (Bailon et al., 2019; Cun-
ningham and Brooks, 2022). 

MOTI (MOTI, Aalborg, Denmark) is a commercially available inertial 
measurement unit. MOTI utilizes sensor fusion techniques to combine 
the raw measurements from the magnetometer, accelerometer, and 
gyroscope to calculate a quaternion orientation of the device. MOTI then 
uses a proprietary algorithm that uses these series of quaternions to 
calculate the differential angle. The entire waveform of the differential 
angle was extracted and trimmed to the start and end of the movement. 
MOTI was connected to a smartphone (Samsung Galaxy A12, Samsung 
Electronics, Suwon, Korea) via Bluetooth. Data were sampled at 83.5 Hz 
and recorded using a mobile application (MOTI-Research, version RC1, 
Aalborg, Denmark). 

2.5. Protocol 

Before commencing data collection, the assessor (PBL) carefully 
explained all experimental procedures to the participants, including that 
all movements had to be performed throughout full range without 
compensatory movements from other body parts. 

The assessor demonstrated all the movements, and the participants 
performed a familiarization trial before data collection started. The 
participants performed spinal movements in the following order: (1) 
cervical flexion, (2) cervical extension, (3) right cervical lateral flexion, 
(4) trunk flexion, (5) trunk extension, (6) right trunk rotation, and (7) 
right trunk lateral flexion. Participants performed three repetitions of 
each task before proceeding to the next task. Only right-sided move-
ments were assessed, as the aim of this study was not to investigate side 
differences. Additionally, cervical rotation was omitted in the current 
study as this has already been covered in a previous study (Christensen 
et al., 2023). 

2.6. Signal processing 

ROM was defined as the angle between the start and end position of 
the head or trunk movements. The angle was directly extracted from the 
MOTI device but for the 3D camera system, two 3D vectors defined by 
the markers were used to calculate the arctangent. The first vector 
corresponded to the initial natural resting positions, determined as the 
average of the initial 15 frames before movement onset. The second 
vector was calculated during the head or trunk movements and repre-
sented the neck or sternum positions over time. All processed signals 
were analyzed similarly for both systems via a custom-made script in 
MATLAB (v.R2022a, The MathWorks, Inc., Natick, Massachusetts, USA). 
All data were automatically trimmed between the start and end of the 
movement. The start of the movement was defined as the time point 
when the orientation angle was 2% larger than the average of the first 20 
data points. The end of the movement was when the orientation angle 
was 2% smaller than the average of the first 20 data points. Data for the 
angular position were filtered with a low-pass Butterworth filter (zero 
lag, 1.5 Hz, fourth order) (Christensen et al., 2023; Palsson et al., 2019). 

Table 1 
Range of motion (ROM) for all participants (N = 33) during head (Cx) and trunk 
(Tx) movements: Mean bias (ROM: ◦ (SD)), limits of agreement, and inter-class 
correlation (ICC; 2.1) between camera and MOTI.   

Mean bias (Camera – 
MOTI) 

Limits of 
agreement 

ICC 

Cx Flexion ROM − 0.7 (2.6) (-5.8) – (4.34) 0.975 
Cx Extension ROM − 0.3 (3.8) (-7.7) – (7.1) 0.919 
Cx Lateral flexion 

ROM 
0.2 (1.4) (-1.6) – (1.5) 0. 997 

Tx Flexion ROM − 0.2 (0.3) (-0.7) – (0.4) 0.999 
Tx Extension ROM − 0.2 (0.4) (-0.9) – (0.4) 0.999 
Tx Rotation ROM − 0.8 (0.8) (-2.2) – (0.7) 0.913 
Tx Lateral ROM − 0.3 (0.6) (-1.5) – (0.8) 0.997  

Table 2 
Quality of movement (QOM) for all participants (N = 33) during head (Cx) and 
trunk (Tx) movements: Mean bias: (QOM: A.U. (SD)), limits of agreement, and 
inter-class correlation (ICC; 2.1) between camera and MOTI.   

Mean bias (Camera – 
MOTI) 

Limits of 
agreement 

ICC 

Cx Flexion QOM − 44.2 (39.7) (-33.6) – (122.0) 0.945 
Cx Extension QOM − 40.5 (30.6) (-100.5) – (19.5) 0.926 
Cx Lateral flexion 

QOM 
− 29.3 (69.5) (-165.5) – (106.8) 0.874 

Tx Flexion QOM − 83.3 (103.8) (-120.0) – (286.7) 0.922 
Tx Extension QOM − 63.3 (71.4) (-203) – (76.7) 0.893 
Tx Rotation QOM - 53 (61.5) (-174.0) – (67.0) 0.853 
Tx Lateral QOM − 37.4 (58.1) (-151.3) – (76.5) 0.835  
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Sequential derivatives of the angle were performed to calculate angular 
velocity, acceleration, and jerk over time. 

QOM was defined as the time integral of the squared jerk between 
the start and end of the movement (Sjölander et al., 2008). QOM was 
calculated as the time integral of the squared jerk (equation (1)) (Hogan 
and Sternad, 2009; Yan et al., 2000). The normalized jerk was made 
unitless by multiplying the integrated squared angular jerk (J) with 
movement time (T) lifted to the power of five divided by the squared 
range of the movement (θ) (Christensen et al., 2023; Hogan and Sternad, 
2009; Yan et al., 2000). 

Normalized Jerk=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
2
•

∫

J2(t) •
T5

θ2 dt

√

(equation 1)  

2.7. Statistical analysis 

Data distribution was assessed using the Shapiro-Wilk test. The 
Agreement of ROM and QOM recordings between the 3D camera system 
and MOTI were evaluated for single measurement absolute agreement, 
based on a two-way random model, by computing intraclass correlation 
coefficients (ICC2,1). An ICC above 0.90 was interpreted as “excellent”, 
between 0.75 and 0.90 “good”, between 0.50 and 0.75 “moderate”, and 
less than 0.50 “poor” (Koo and Li, 2016). Bland-Altman plots for ROM 

and QOM were used for visual inspection of agreement between the 
measurements of the two devices (Bland and Altman, 1986). 

Statistical analysis was performed using SPSS v.28 (IBM, Chicago, IL, 
USA). The Bland & Altman plots were performed in Matlab (R2022a, The 
MathWorks, Inc., Natick, Massachusetts, USA). Significance was accepted 
at P < 0.05. 

3. Results 

The participants had a mean age of 30.7 (SD: 5.9; range 21–45) 
years, a mean height of 180.8 (SD: 5.1) cm, and a mean weight of 83.0 
(SD: 12.3) kg. For cervical and head movements (Fig. 2), the camera 
recorded means of: 63.7◦ (SD:11.2) flexion, 60.4◦ (SD: 9.0) extension, 
and 47.0◦ (SD: 9.8) lateral flexion of the neck and head. For trunk 
movements (Fig. 3), the camera recorded means of: 35.6◦ (SD: 11.9) 
flexion, 28.1◦ (SD: 6.6) extension, 46.2◦ (SD: 11.6) rotation, and 32.9◦

(SD: 7.9) lateral flexion. 
The agreement was excellent in all ROM in movements, with an 

ICC2,1 ranging between 0.91 and 1.00 (Table 1). For QOM, agreement 
ranged from good to excellent, with an ICC2,1 ranging between 0.84 and 
0.95 (Table 2). 

From the results, MOTI overestimated ROM <0.8◦ (Table 1, Fig. 2, 
and Fig. 3) and QOM (Table 2, Fig. 2, and Fig. 3) compared to what was 
seen for the 3D camera, which is also evident from the Bland-Altman 

Fig. 4. Bland-Altman plots for head/cervical (Cx) movements: ROM and QOM. The continuous line represents the mean of differences, and the dotted lines represent 
the limits of agreement. ROM was measured in degrees [◦] and QOM is unitless [(1)]. 
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plots for both cervical (Fig. 4) and trunk (Fig. 5) movements. 

4. Discussion 

This cross-sectional study investigated the concurrent validity and 
reliability of using MOTI and a 3D camera system for measuring ROM 
and QOM of both the neck and trunk. For ROM, excellent agreement was 
found for all movements irrespectively of the body region, while good to 
excellent agreement was seen for QOM, indicating that the two methods 
produced comparable results. 

4.1. Assessing clinically meaningful neck and trunk movements 

The current results indicate that the inertial measurement unit, 
MOTI, could be used to assess ROM and QOM accurately for neck and 
trunk movements, which is in line with previous findings for movements 
in the transverse plane (Christensen et al., 2023). Considering both the 
previous and the current results, MOTI is therefore a feasible option to 
consider in future research studies as well as in clinical practice for 
recording head and trunk motion. The current ROM for head movements 
were similar to the reference values for a healthy adult population in 
their thirties for flexion and extension (55◦–70◦) and lateral flexion 
(40◦–43◦) movements (Chen et al., 1999; Thoomes-de Graaf et al., 
2020). Furthermore, while there is a lack of normative values for ROM in 

trunk movements, previous studies assessing with goniometry trunk 
rotation in a sitting position showed similar values in a healthy popu-
lation (41◦–55◦) (Johnson et al., 2012) and higher ROM of flexion and 
extension than a population with thoracic spine pain (Takatalo et al., 
2020). 

For clinicians managing cervical disorders, assessing ROM is highly 
relevant for identifying movement limitations or asymmetries that may 
support the clinical decision-making process (Hesby et al., 2019; Sten-
neberg et al., 2017). For example, in chronic neck pain patients, reduced 
ROM at the start of treatment has been identified as a prognosis factor of 
higher pain and disability 6-months after treatment (Weigl et al., 2021). 
Moreover, the ability to assess QOM in clinical settings opens up new 
opportunities to detect more complex and advanced movement char-
acteristics that may further guide management (Franov et al., 2022), 
which would not be possible with analogue clinical tools. This study 
found excellent agreement values between MOTI and the 3D camera 
system for ROM and QOM, indicating that the two devices detect the 
change in motion and position in a similar manner. Additionally, the 
systematic nature of the bias when interpreting ROM mean bias, which 
was below the threshold of the minimum acceptable difference between 
devices of 3◦ (Jørgensen et al., 2017), supports using MOTI for assessing 
neck ROM and QOM in a clinical setting. 

Regarding the assessment of thoracic spine kinematics, previous 
studies have used methods such as goniometer, inclinometer, 

Fig. 5. Bland-Altman plots for trunk/thoracic (Tx) movements: ROM and QOM. The continuous line represents the mean of differences, and the dotted lines 
represent the limits of agreement. ROM was measured in degrees [◦] and QOM is unitless [(1)]. 
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smartphones, and tape (Bucke et al., 2017; Johnson et al., 2012; Taka-
talo et al., 2020); spinal mouse (Özer Kaya and Çelenay S, 2017); 3D 
kinematic systems (Falla et al., 2017; Moghaddas et al., 2019); dual 
inertial sensor laboratory systems (Treleaven et al., 2019); electromag-
netic tracking devices (Tsang et al., 2014); and computed tomography 
(Morita et al., 2014). Furthermore, in validation studies, a manual 
handheld goniometer has been used as the comparator when evaluating 
ROM (Furness et al., 2018), where the experience and expertise of the 
assessor are highly important (Keogh et al., 2019). Another study 
compared the validity of a digital inclinometer to a smartphone with a 
clinometer app for assessing ROM and found that these technologies 
could be used interchangeably (Bucke et al., 2017). In any case, the 
previous studies are limited to the assessment of ROM with no studies 
assessing QOM of thoracic spine movements. The present study 
confirmed the concurrent validity of the inertial measurement unit for 
measuring ROM and QOM of trunk movements, bringing to the research 
and clinical fields a potential new measure of assessment. 

4.2. Methodologic considerations 

A major limitation of the current study is the lack of fixation of other 
body regions than the one moving. This means that during head 
movements, the trunk was only supported by the backrest of the chair, 
and it cannot be ruled out that small trunk movements occurred that 
were not detected by visual inspection. Similarly, pelvic anteversion/ 
retroversion was not controlled during trunk movements, which in turn 
may have impacted the results. However, as the participants were 
reminded to resume their self-chosen upright seated position prior to 
each new movement direction and each movement repetition was 
visually inspected to identify any potential deviation from the protocol, 
the seated posture is not believed to have changed between repetitions. 
In addition, it is important to note that the markers were placed on the 
skin of the subject, which may move slightly differently when compared 
to the underlying bony structure (Bucke et al., 2017; Heneghan and 
Balanos, 2010). However, it is important to remember that the limita-
tions outlined above are the same for the majority of tests for assessing 
ROM commonly used in clinical practice. Taken together, when 
considering the aim of the current study was to determine the validity 
and reliability of MOTI compared to a 3D camera system, we do not 
believe that the outlined limitation has impacted the results. Nonethe-
less, future studies should explore validity against imaging modalities 
allowing for accurate detection of bony movements. 

For accessibility, only men were included in the current study due to 
the size and placement of the plastic cluster to which MOTI was attached 
over the sternum for the trunk movements (Fig. 1d). However, we do not 
consider this to have affected the current findings, considering that no 
differences in ROM between men and women (Thoomes-de Graaf et al., 
2020). 

In this study, only healthy participants were included to reduce the 
potential influence on measurements of factors such as pain or pain- 
related fear of movement (Asiri et al., 2021). However, future studies 
need to replicate this setup in a clinical population, evaluating the 
suitability and feasibility of using the device for assessing the mea-
surements in a clinical setting. 

Head and trunk movements were not evaluated randomly but in the 
same order for all participants. However, a familiarization trial was 
conducted for each movement before starting the data collection to 
avoid potential distortions in the way of moving and reduce learning in 
test performance (Tsigilis and Theodosiou, 2008). Furthermore, as all 
participants had pain-free ROM, the order of movements is unlikely to 
have influenced the results. In addition, lateral flexion and rotation 
movements were only evaluated on the right side as previous reviews 
have shown no differences in the ROM of the healthy population when 
comparing sides (Thoomes-de Graaf et al., 2020). Nevertheless, it would 
have been an added value to evaluate both rotation and lateral flexion 
movements bilaterally to test if this lack of difference in ROM between 

sides in a healthy population would also have been the case for QOM 
recordings. 

4.3. Conclusion 

Technological devices have made it possible to systematically 
collect, store, and process complex data (Azodo et al., 2020). By using 
assessment methods over time as described in this study, reference 
values for clinical and research purposes can be established to objec-
tively track progression or stagnation. However, before implementing 
these assessment methods, it is imperative to compare them to other 
currently used modalities. 

The positive findings from this study indicate that MOTI can be a 
valuable tool to support clinical decision-making. However, future 
studies need to determine the feasibility of using MOTI in a clinical 
setting. 
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