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Abstract: In this study we investigated gait measurement with wearable sensor for subjects with and without multiple sclerosis (MS) and evaluation gait function.The gait 
function was measured with Avatar sensors system in 3 patients with MS and in 3 healthy subjects without MS. The system consists of a main sensor node and three 
additional fixtures. Each sensor node is wearing three-axial accelerometer and two-axis gyroscope. Cross-correlation analysis with the walk signal was applied.Coefficient 
values from cross-correlation are determined for all 6 subjects. Then for a new unknown subject the cross-correlation was applied and the mean value cross-correlation for 
healthy subjects was 0.0477, while in MS subjects this value was 0.0207. A proven validation for this small training system has shown the evidence for different gait analysis 
for MS and healthy subjects.This small study opens a new avenue for clinical diagnosis of potential MS subjects while wearable sensor can provide an objective framework 
for assessing gait abnormality. The   measured data can provide better understanding on the progression of the disease and response to treatment. 
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1 INTRODUCTION  
 

Multiple sclerosis (MS) is a chronic inflammatory 
disease of the central nervous system, characterized by 
destruction of axons and neurons. MS is the most common 
progressive neurological disease in young adults, with a 
prevalence of 30-110 per 100.000 adults [1-3]. It is 
believed that in the world there are about 2.3 million people 
suffering from MS. The incidence of multiple sclerosis in 
Serbia is estimated at 143/100.000 [4]. MS is characterized 
by neurological deficits such as motor weakness, 
spasticity, ataxia and sensory disturbance, and may lead to 
significant impairment of gait [1-3]. Initial motor 
symptoms include muscle weakness, hypertonia and 
coordination problems, which are most frequent in the 
lower limbs [5]. Balance impairment is common in people 
with MS and frequently impacts quality of life by 
decreasing mobility and increasing the risk for falls [6, 7]. 
The causes of balance dysfunction in MS are not well 
understood. More sensitive measures of balance 
impairment are needed to better understand mechanisms of 
postural control affected by MS. Dysfunction gait in 
patients with MS was observed in 85% of patients as their 
main problem [8]. A more than one third patients lose the 
function of walk after 20 years from diagnosis [9, 10]. For 
these reasons, it is necessary walking with the supervisory 
functions in patients with MS. In everyday clinical practice 
and clinical trials in patients with multiple sclerosis walk 
and balance evaluation is carried out by EDSS (Expanded 
Disability Status Scale) score [11].  

However, there is no measuring instrument with which 
to evaluate the gait function in patients. The purpose of this 
study is to determine if instrumented measures of gait 
(using wearable sensors) can differentiate people with MS 
and clinically normal gait from people without MS and 
evaluation gain function.  
 
2 METHODS 
 

We monitored the gait function with the help of Avatar 
sensor system in 6 subjects where 3 patients were with 
relapsing-remitting MS and 3 healthy subjects without the 
disorder treated stationary in the Department of Physical 

Medicine and Rehabilitation, Faculty of Medical Science, 
University of Kragujevac, Serbia, during the year 2016. 
The control group of 3 subjects was free from any known 
orthopedic or neurological impairments. The test was 
approved by the Ethics Committee of the Clinical Center, 
Kragujevac, Serbia and participants signed consent to 
participate in the study. Inclusion criteria for patients in the 
study were: a neurologist-confirmed diagnosis of definite 
MS according to the revised McDonald criteria [12]; 3.0-
7.0 on the EDSS [11], and relapse-free for at least 30 days 
prior to testing. Excluding criteria were cognitive decline, 
impaired vision and hearing, psychiatric disease, 
orthopedic disorders that could negatively affect mobility, 
cardiovascular disorders and respiratory disorders. During 
hospitalization after signing the consent and explaining the 
objective, the sensor system [13] was applied to the test 
subjects. Avatar system [13] that was used in the procedure 
recording is shown in Fig. 1. This system consists of a main 
sensor node and three additional fixtures. Each sensor node 
is wearing capacitance based three-axial accelerometer and 
two-axis gyroscope. The main node communicates with 
other node using I2C protocol.  
 

 
Figure 1 (1) The main sensor node; (2) The sensor node; (3) Battery 

 
The  master  node  controls  network  of  internal  

sensor  nodes,  processes  data  and  communicates  with  
data  capture  device. The master node features are:  ARM7 
processor NXP LPC2368 with 58 KB RAM and 512 KB 
program memory and clock rate of 72 MHz. 
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The whole system is powered by a lithium-polymer 
battery that provides mobility of the device. From the 
peripheral sensor nodes data are gather in the main node 
and sent to a computer via Bluetooth communication. The 
data are collected, stored and processed in the computer 
with sampling frequency of 100 Hz. A set signal during the 
segment of the gait in a patient with a sensor node is shown 
in Fig. 2. 
 

 
Figure 2 Signal from one acceleration sensor 

 
The signal represents the value of acceleration during 

gait. The value is hexadecimal number in the range from 0 
do 1024 which corresponds to acceleration from −3g to 3g. 
We used raw signal from sensors due to reason that only 
signals shape is relevant for this analysis. 

As an indicator of patient mobility can be used mean 
value of square signals from accelerometers and for each 
axis separately. This is extremely important because the 
signal of each axis gives better image and quantification of 
the movement kinematics than just visual observation. 
Wang et al 2012 [14] describes a method for the application 
of cross-correlation analysis with the walk signal. Wren et 
al 2006 [15] used procedure with the cross-correlation 
analysis of electromyographic signals during a walk. 
 
3 EXPERIMENTAL PART 
 

The measurement of acceleration is performed on the 
group of six subjects (three healthy and three MS subjects). 
The position of accelerometer on the subject leg and 
corresponding axis is shown in Fig. 3.  

 

 
Figure 3 Position of the accelerometer with corresponding axis 

 
The sensors are attached on the leg segment but for 

analysis only the sensor attached above the knee joint was 
used. During experiment the subjects are instructed to walk 
leisurely across pathway 20 meter long and back. All 

measurements are performed on the room temperature in a 
period of 175 s. 
 
4 RESULTS 
 

If we consider two signals S(t) and T(t) where t is time, 
the measure of similarity is given by relation 
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where 𝑆𝑆̅ and 𝑇𝑇� are mean values of signals S(t) and T(t) 
respectively. This formula is a cross-correlation 
coefficient. The coefficient takes the value between −1.0 to 
1.0, while the value closer to 1.0 indicates larger similarity 
of signals and linear dependency between them. The value 
of −1 indicates that signals in the opposite phase, which 
has a linear dependence, but with a negative coefficient. 
The main idea in this study was using cross-correlation 
coefficient for classification of signal obtained by 
accelerometer. We have a signal of accelerometer for 
healthy and MS subjects. These signals represent training 
data. For the signal of some new unclassified subject we 
can calculate cross-correlation coefficient with all training 
data. The decision of belonging to some group (health 
subject, subject with disorder) is made according to great 
value of mean cross-correlation coefficient.  
 

 
Figure 4 Accelerometer signal for healthy subject 

 

 
Figure 5 Accelerometer signal for MS subject 

 
The subject classification according to accelerometer 

signal of only the X and the Y axis is used while the Z axis 
was not considered due to the fact that Z acceleration signal 
did not significantly vary during gait.   

The cross-correlation coefficient for six subjects is 
shown in Tab. 1 
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Table 1 Cross-correlation coefficient for six subjects *- health subject, **- MS 
subject 

Subject 1* 2* 3* 4** 5** 6** 
1* 1 0.078 0.054 0.021 0.037 0.041 
2* 0.078 1 0.047 0.015 0.026 0.023 
3* 0.054 0.047 1 0.022 0.014 0.016 

4** 0.021 0.015 0.022 1 0.042 0.051 
5** 0.037 0.036 0.014 0.042 1 0.058 
6** 0.041 0.023 0.016 0.051 0.058 1 

 
In this case, we used only data of acceleration for the 

X-axis. The greater values of cross-correlation coefficients 
are obtained between subjects of the same group. This 
result indicated possibility to create database with 
accelerometer signal, and comparing the cross-correlation 
coefficient with signals in database can predict MS 
disorder level of subject during rehabilitation. 

The essence of the application of existing methods 
consists in the fact that the new subjects on the basis of the 
existing tables determine which group of respondents they 
belong (healthy or MS disease). 

If we have a signal for a new subject (Fig. 6) the idea 
is to apply the formula for cross-correlation between 
healthy and MS subjects. 
 

 
Figure 6 Signal from a new object whose diagnosis is unknown   

 
The formula was applied for cross-correlation between 

the signals from Fig. 6. For each subject the coefficient 
values are given in Tab. 2. 
 

Table 2 Coefficient values from cross-correlation 
Subject 1* 2* 3* 4** 5** 6** 

Coefficient value 0.047 0.052 0.044 0.012 0.021 0.029 
 

In the healthy subjects, the mean value from cross-
correlation was 0.0477, while in MS subject this value was 
0.0207. Based on these values, we concluded that there was 
a better similarity between healthy subjects than with the 
MS subjects so the signal from Fig. 6 corresponds to a 
healthy subject. It is also validated with standard clinical 
protocol of study. In the same way, we could carry out a 
comparison of any signal approximately with similar form 
as it is given in Tab. 1 and conclude where the subject 
belongs. It must be considered that the acquisition time 
signal as well as the trajectory, the moving subjects. To 
improve this decision system the future aim is to increase 
the existing base of healthy and diseased subjects, which 
would be obtained on the reliability of this method of 
decision-making. 
 
5 DISCUSSION 
 

In the patients with MS until now the functionality is 
accompanied by EDDS score. In these patients there is an 
objective need for the introduction of new methods for 
monitoring walk functions. The introduction of sensory 
systems in everyday clinical practice would be possible for 

each examination, relapse, therapy change and function of 
walking for each patient.  

It is recommended to evaluate the different 
possibilities and aspects of physical therapy to be tailored 
to each patient and for each therapeutic procedure 
respecting current capabilities of these patients. An 
important prognostic factor is the movement at the 
beginning, during and at the end of physical therapy that 
will allow us, if stagnant, to show that we have reached the 
current best clinical recovery. Thus, in order to rehabilitate 
the subjects, the character of these sensors was undeniable. 
The importance of physical therapy is of great importance 
in enabling patients to activities of daily living. Feldhege 
et al. 2015 [16] indicate the clinical significance of using 
sensors to assess the effectiveness of treatment and the 
daily work of ambulatory patients with neuromuscular 
diseases and walk disorders. Also, the study of Solomon et 
al [17] suggests the clinical relevance of measuring 
instrumentalized walking in patients with MS using a 
wireless sensor system performance.  Tao and colleagues 
pointed out the importance and effectiveness of the use of 
sensors in the assessment of stroke in people with disorders 
of stroke, in athletes and in rehabilitation [18].  
 
6 CONCLUSIONS 

  
The main goal of this study was to use the sensor as a 

measuring tool in the analysis of gait disturbances in 
patients suffering from MS so as to have insight into the 
effectiveness of the therapy applied conservatively and 
implemented exercise therapy. There is drawback in this 
study because we consider a small number of subjects, but 
the results of the assessment of walking are encouraging. 
The method is painless, with no discomfort for patients. 
The sensors are easy to apply and the test can be performed 
easily, quickly and efficiently. 

The introduction of wearable sensors into everyday 
clinical practice would be an adequate indicator of the 
objective of motor recovery after applied therapeutic 
modalities. Economically viable sensors would also be 
important in MS patients monitoring for coming years. 
There is also possibility to think of monitoring the state of 
MS patients at home with the help of wearable sensors or 
using smart phone with accelerometers. 

The future research includes creation and use of large 
database of the accelertion signal in order to create a more 
reliable decision. 
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