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SUMMARY 

This study proposed to assess the cervical spine mobility 

based on the measurement of head and thorax angular 

movements using inertial sensors. Sequences of imposed head 

movements were recorded on twelve healthy subjects and two 

patients with important neck disability. Head range of motion 

relative to the thorax was computed and compared with the 

values given by an optoelectronic system. Ranges of head 

angular velocity were also evaluated, and showed a promising 

perspective as mobility outcome measure. Moreover, the ratio 

between thorax and head angular velocities was quantified and 

allowed observing a change in patients with disability. 

 

 

INTRODUCTION 

The cervical spine is the most mobile region of the spine, 

providing the head with a large range of motion.  Cervical 

pathologies can affect this mobility, interfering with the 

subject’s daily living. Different treatments have been proposed 

to decrease pain and restore mobility. Benefits of treatment on 

daily living quality is evaluated nowadays using clinical 

questionnaires. They estimate the cervical state subjectively. A 

more objective or quantitative evaluation can be provided by 

the measurement of the range of motion [1], using optical 

motion capture, ultrasonic techniques, goniometry or 

radiography. These methods are accurate, but are time-

consuming, require specialised staff and are restricted to 

laboratory environment. Besides, the measurements focus on 

range of motion, while others parameters such as velocity [2] 

could also be interesting as mobility metrics. Therefore this 

study aimed at providing a new wearable and easy-to-use 

methodology using inertial sensors for objective assessment of 

the cervical mobility. Concretely, the goal was to devise a 

system to measure the cervical movements, i.e. head motion 

relative to the thorax, and to propose objective and reliable 

outcome parameters to evaluate cervical spine mobility. 

 

 

METHODS 

Ten control subjects (31 ± 10.4 year old) and four patients 

(49.5 ± 9 years old) who underwent surgery at least one year 

before were enrolled. Two patients were treated by arthrodesis 

at C5-C6 level and two others with prosthesis at C6-C7 level. 

Subjects completed the Neck Disability Index (NDI) [3], a 

self-evaluated questionnaire about ability and pain during 

daily activity. This allowed separating the subjects with 

disability from the healthy ones. Two inertial modules with 

miniature three-dimensional gyroscope and accelerometer 

were fixed by a patch on the forehead and on the sternum 

(Figure 1). The inertial modules were linked to an embedded 

datalogger (Physilog®, CH) worn at the waist and recording 

the data at 200 Hz. 

 

     
 

Figure 1: Measurement system: A) Inertial modules attached 

to the head and thorax; B) Detail of an inertial module. 

 

 

The protocol began with a functional calibration to align the 

sensors frames to the body frames, based on the method 

proposed by de Vries et al. [4]. Then subjects were asked to 

performed sequences of head movement while seating, with 

three instructions: 1) Amplitude task composed of flexion-

extension, right-left rotation and right-left lateral bending with 

the instruction to move as best as possible without pain and 

without thorax motion; 2) Speed task including the same 

movements with the instruction to move as fast as possible 

without pain and without thorax movement; 3) Natural task 

with the instruction to look at different targets: the feet 

(flexion), the ceiling (extension), a point at right and at left 

(axial rotations). Each movement was repeated four times. 

 

 

The calibrated signals described the angular velocity and 

acceleration of flexion-extension, axial rotation and lateral 

bending of the head and thorax. Each angular movement was 

expressed around its main axis of motion. Angles were 

estimated by integration of angular velocity in local frames 

during motion and by considering the inclination derived from 

the acceleration during motionless periods. The range of 

motion of the head relative to the thorax (ROM) was then used 

for evaluation of the amplitude task. A second metric was 

computed to quantify velocity ability during speed task, using 

the range of angular velocity of the head (RAV). The third 

task was assessed with the ratio between thorax and head 

angular velocities at the peak of head angular velocity (RTH), 

A)           B) 



reflecting the coordination between head and thorax motions. 

For the three metrics (ROM, RAV and RTH), median and 5
th

-

95
th

 percentile interval were calculated over all trials of each 

group. Finally, the coefficient of multiple correlation (CMC) 

[5] was computed between the curves of the estimated angle 

and the curves derived from a reference optoelectronic system 

(Vicon©, UK), in order to assess the concurrent validity.  The 

accuracy and precision of ROM were also estimated against 

the reference system.  

 

 

RESULTS AND DISCUSSION 

The NDI ranged from 0 to 9, with a median value at 0.5, for 

the control group. Therefore one patient with prosthesis who 

had a NDI of 6 and one patient treated by arthrodesis with 

NDI of 9 were included in the healthy group. The NDI for the 

two other patients were 24.4 and 28, meaning a severe 

disability [3]. ROM results showed that values of disabled 

patients were slightly lower or within the inferior range of the 

ROM of the healthy group for all movements with maximum 

amplitude instruction (Table 1). Concerning the RAV, it 

allowed differentiating the two patients with disability from 

the healthy group during all movements of the speed task 

(Table 2). Although the variability between healthy subjects 

appeared large, this metric showed an important decrease for 

patients instructed to move as fast as possible. RAV seems at 

least as sensitive to change as the ROM. Moreover, RTH 

showed important differences between disabled patients and 

healthy subjects, especially during flexion (Table 3). This 

suggests that measurement of thorax angular velocity could 

highlight a change in the thorax motion in case of important 

disability, probably linked to a restriction in cervical mobility. 

 

 

Table 1: ROM during the amplitude task given for flexion-

extension ‘FE’, axial rotations ‘AR’, and lateral bending ‘LB’ 

movements. ‘n’ is the number of trials used for computation. 

 

 FE [°] AR [°] LB [°] 

Healthy subjects (n = 46)   

Median 125 126 83 

[5
th

 ; 95
th

] [103; 145] [121; 160] [57; 101] 

Disabled patients (n = 8)   

Median 99 120 61 

[5
th

 ; 95
th

] [93; 104] [106; 128] [56; 75] 

 

 

Table 2: RAV during the speed task given for flexion-

extension ‘FE’, axial rotations ‘AR’, and lateral bending ‘LB’ 

movements. ‘n’ is the number of trials used for computation. 

  

   FE [°/sec] AR [°/sec] LB [°/sec] 

Healthy subjects (n = 46)   

Median 764 1106 716 

[5
th

 ; 95
th

] [458; 1046] [822; 1538] [476; 948] 

Disabled patients (n = 8)   

Median 280 388 209 

[5
th

 ; 95
th

] [224; 388] [317; 459] [194; 237] 

Table 3: RTH during the natural task given for flexion ‘F’, 

extension ‘E’, right rotation ‘RR’, and left rotation ‘LR’. ‘n’ is 

the number of trials used for computation. 

 

 F [%] E [%] AR [%] LR [%] 

Healthy subjects (n = 46) 

Median 1 2 -1 0 

[5
th

 ; 95
th

] [-3; 8] [-4; 12] [-8; 3] [-6; 8] 

Disabled patients (n = 8) 

Median 27 9 7 8 

[5
th

 ; 95
th

] [13; 57] [4; 16] [1; 17] [4; 22] 

 

 

CMC between the inertial system and the reference system 

were large: average of 0.98 for flexion-extension and lateral 

bending, and 0.99 for axial rotation, indicating a concurrent 

validity. Differences between ROM derived from the two 

systems, expressed as accuracy ± precision, reached -5.8° ± 

5.0 for flexion-extension, 2.2° ± 4.5 for axial rotation and 4.8° 

± 5.5 for lateral bending. Positive values indicated that the 

ROM from inertial system was lower than the reference. 

These errors are acceptable, considering that a misalignment 

between motion capture and inertial system is possible due to 

calibration procedure (anatomical vs. functional calibration). 

Using same calibration as the reference system and increasing 

the sample size could improve the ROM estimation. 

 

 

CONCLUSIONS 

This study showed the feasibility of using a wearable and 

easy-to-use system to measure cervical spine movements. The 

methodology allowed quantifying the mobility of the head 

outside a laboratory setting from ROM, which is a metric 

already used. Angle parameters were compared to values from 

a reference system, showing an acceptable precision and 

accuracy for ROM, and a high concordance for angle curves.  

Moreover, two new metrics, RAV and RTH, based on angular 

velocities of head and of thorax were proposed. The 

preliminary results suggest that the three metrics are relevant 

for evaluation of cervical spine function, even though 

additional measurements on controls and patients are required 

to confirm their sensitivity as mobility outcome measures. 

Besides, the inertial-based approach could easily be extended 

to long-term measurements to quantify cervical mobility 

during daily activity. 
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