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Abstract 
 
Multiple sclerosis (MS) is a neurodegenerative disease and the most frequent cause of 

permanent disability in young adults, affecting about 2.5 million individuals worldwide. 

Causes of this disease are still unknown, but at the base there is a reaction of the immune 

system that triggers an attack against myelin.  

The progression of MS disease is likely to depend on accumulated axon degeneration, 

and this generates neurological function impairment; in fact, tissue damage, due to the 

disease, causes an altered information transmission along cortico-cortical, cortico-spinal 

and cortico-subcortical connections.  

Fatigue is one of the most distressing and common (affecting 75%-90% of the MS 

patients) symptoms of MS and a complex phenomenon of this disease. This phenomenon 

is important because it reduces quality of life, work performances and it has an impact on 

social interactions. 

At present, pharmacological treatments of MS, although numerous and continuously 

evolving, are not reductive and the disease is disabling and irreversible. In any case, there 

are drugs and therapeutic strategies that can improve the quality of patient’s life. 

For the aim of the present study, it is important to mention Fampyra®, that acts on 

damaged nerve structures, preventing the charged potassium particles from leaving the 

nerve cells; in this way, it allows the electrical impulse to continue propagating along the 

axons. 

The efficacy of fampridine is evaluated both with magnetic and electrical stimulation and 

assessing gait functions by administering some tests like 25 Feet Walk Test. 

The aim of the present study is to support and help doctors in assessing patients’ 

conditions before and after administrating Fampyra® and to make the whole assessment 



procedure automatic thanks to an algorithm specifically studied to analyse muscles 

activation signals. 

The study was performed on 10 MS patients (average age 48.4), with different levels of 

severity of the disease (average EDSS: 4.5), subject to a trial of the drug Fampyra® at the 

Azienda Ospedaliero-Universitaria San Luigi Gonzaga of Orbassano (TO).  

The executed test consists in 2 electrical impulses for recording peripheral conduction 

times and 5 transcranial magnetic stimulations to record motor evoked potentials.  

During stimulation, 5 muscles for each leg have been analysed: vastus medialis, vastus 

lateralis, tibialis anterior, peroneus longus and flexor hallucis brevis. 

After having recorded both peripheral and central muscle activation signals, areas and 

latencies have been measured and a parameter, Inter Trial Variability (ITV), has been 

calculated. The evaluation of Fampyra® efficacy is based on this ITV parameter because 

it may indicate if conduction is improved or not. 

Other methods to evaluate patient’s conditions have been suggested in this work; this 

decision is due to the instability of data that has been noticed during the study. 

Countermeasures taken have been the normalization of signals to reduce the variability 

related on peak values, the application of Dynamic Time Warping algorithm to 

stimulation signals and the measure of the energy of error signal. These two last methods 

have been used to assess the reliability of the results. 

Finally, a score has been defined for each patient to help doctor to assess changes in 

patient conditions before and after drug administration. 

The final assessment is based on the discussed score, on fatigue and clinical scales results 

and on walking tests perfomances. 

Results exhibit a lower variability in normalized signals than in those non-normalized and 

it has been proved that high values of DTW distance and energy of the error signal are 

related on different signals morphology. 



 



 

i 
 

 

Index 

1. Introduction ......................................................................................................... 1 

1.1. Multiple Sclerosis ............................................................................................. 1 

1.2. MS fatigue ......................................................................................................... 4 

1.3. Fampyra® ......................................................................................................... 8 

1.4. Aim of the study................................................................................................ 8 

1.5. Materials and methods ...................................................................................... 9 

2. State of art .......................................................................................................... 10 

2.1. Transcranial magnetic stimulation .................................................................. 10 

2.2. Central motor conduction time and MEPs variability .................................... 11 

2.3. Inter - trial variability ...................................................................................... 12 

2.3.1. Areas ........................................................................................................ 14 

2.3.2. Latencies .................................................................................................. 14 

2.4. Gait analysis .................................................................................................... 15 

2.5. Automation of walking test ............................................................................. 16 

3. Materials and methods ...................................................................................... 18 

3.1. Introduction ..................................................................................................... 18 

3.2. Signals ............................................................................................................. 19 

3.3. Instability data problem .................................................................................. 22 



 

ii 
 

3.4. Areas/Energy................................................................................................... 24 

3.5. Countermeasures to the peak variability problem .......................................... 24 

3.5.1. Fatigue and clinical scales ....................................................................... 26 

3.5.2. Normalization .......................................................................................... 27 

3.5.3. Dynamic time warping (DTW)  ............................................................... 29 

3.5.4. Energy of error signal .............................................................................. 31 

3.6. Latencies ......................................................................................................... 33 

4. Results ................................................................................................................. 37 

4.1. Patients ............................................................................................................ 38 

4.1.1. Patient #1 ................................................................................................. 39 

4.1.2. Patient #2 ................................................................................................. 43 

4.1.3. Patient #3 ................................................................................................. 46 

4.1.4. Patient #4 ................................................................................................. 51 

4.1.5. Patient #5 ................................................................................................. 54 

4.1.6. Patient #6 ................................................................................................. 58 

4.1.7. Patient #7 ................................................................................................. 62 

4.1.8. Patient #8 ................................................................................................. 66 

4.1.9. Patient #9 ................................................................................................. 68 

4.1.10. Patient #10 ............................................................................................... 71 

4.2. Normalized or not normalized signals ............................................................ 75 

5. Conclusions ........................................................................................................ 77 

5.1. Comments and conclusions............................................................................. 77 



 

iii 
 

5.2. Future developments ....................................................................................... 79 

Bibliography ......................................................................................................... 81 

Acknowledgements ............................................................................................... 85 

  



 

iv 
 

List of acronyms 

MS: Multiple Sclerosis; 

TMS: Transcranial Magnetic Stimulation; 

MEP: Motor Evoked Potential; 

CMCT: Central Motor Conduction Time; 

PCT: Peripheral Conduction Time; 

CMAP: Compound Motor Action Potential; 

HVES: High Voltage Electrical Stimulation; 

ITV: Inter-Trial Variability. 

 



1 
 

Chapter 1 

Introduction 

1.1. Multiple Sclerosis 

Multiple sclerosis (MS) is a chronic inflammatory, autoimmune and neurodegenerative 

disease [1], during which damage and loss of myelin occur in multiple areas (hence the 

"multiple" name) of the central nervous system.  

This disease is the most frequent cause of permanent disability in young adults (the range 

of its onset is 28 - 31 years), affecting 2.5 million individuals worldwide [2]. 

MS causes are still unknown, but at the basis there is a reaction of the immune system 

that triggers an attack against myelin; this attack consists of an inflammatory process that 

affects circumscribed areas of the central nervous system and causes the destruction of 

myelin and the oligodendrocytes, specialized cells which produce it.  

 

Figure 1.1 -  Development of MS disease [3]. 
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These areas of myelin loss (or "demyelination") (Fig. 1.2) also referred to as "plaques", 

can be disseminated anywhere in the cerebral hemispheres (Fig. 1.3) with a preference 

for the optic nerves, the cerebellum and the spinal cord. [5] 

 

The progression of MS disease is likely to depend on accumulated axon degeneration, 

and this generates neurological function impairment; in fact, tissue damage, due to the 

disease, causes an altered information transmission along cortico-cortical, cortico-spinal 

and cortico-subcortical connections [8].  

Diagnosing MS is a complicated process: it is mainly necessary to demonstrate the 

presence of central nervous system lesion dissemination [9]; this demonstration is based 

on both clinical and MRI findings.  

Moreover, determining the type of MS should make clearer the communication between 

doctors and MS patients and it should improve the design, the recruitment and the 

conduction of clinical trials.  

The five main courses in which Multiple Sclerosis is usually classified are:  

 

Figure 1.3 – Plaques in cerebral 

hemispheres [6]. 

Figure 1.2 – Axon demyelination [7]. 
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• Relapsing-Remitting (RR): it is the most common one (it affects 85% of MS 

population [5]) and it is characterized by acute episodes of illness (relapses), 

alternating with periods of complete or partial recovery (remissions); 

 

• Secondary-Progressive (SP): it is the evolution of the relapsing-remitting form, 

and it is characterized by a persistent disability that progresses gradually over time 

without relapses. 
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• Primary-Progressive (PP): it is characterized by a deterioration of neurological 

functions since the appearance of the very first symptoms, in the absence of real 

relapses or remissions. 

 

• Progressive- Relapsing (PR): it is characterized by progressive disease with 

occasional relapses. 

• Benign MS: patient remains fully functional for at least 15 years after the onset. 

1.2.  MS fatigue 

Fatigue is one of the most distressing and common symptoms of MS and a complex 

phenomenon of this disease. 

This phenomenon is important because it reduces quality of life, work performances and 

it has an impact on social interactions [1].  

The Multiple Sclerosis council for clinical practice defines fatigue as “a subjective lack 

of physical and/or mental energy that is perceived by the individual or caregiver to 

interfere with usual and desired activities” [12].   
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Despite its high frequency in MS population (75%-90% of the MS patients [7]), the 

pathophysiology of MS fatigue is still unclear, and several mechanisms [1] seem to 

influence it.  

It has been seen that 50% of people with daytime fatigue also have nocturnal sleep 

disturbances [11] and therefore cannot recover the strength needed to face the day. 

Approximately 50% of people with MS have ambulatory impairments [11] and the only 

movement becomes a reason to waste energy. 

Another element that influences fatigue is depression, which affects about 40% of people 

with MS.  

It is also important to distinguish fatigue from fatigability, and fatigue in MS patients 

from fatigue in healthy people. Fatigue, in MS patients, interferes with daily activities 

and has a rapid onset, contrary to fatigue in a healthy person. Additionally, fatigue is a 

subjective sensation, while fatigability indicates objective changes in mental or physical 

performance [10].  

Another distinction is that between "primary fatigue", that is directly related to the 

disease, because of damage to the central nervous system caused by inflammation, and 

"secondary fatigue" [4], that is most related to the emotional state, for example anxiety or 

depression, and to the presence of other conditions not necessarily directly related to 

multiple sclerosis, such as an infection, fever or a sleep disorder.  

Measuring fatigue is difficult, but in the last years several scales have been produced 

which should measure both severity and subjective perception of fatigue [13]; among 

these, it is important to mention: 
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• Fatigue Severity Scale (FSS): it consists in nine items and it is focused on 

physical aspects of fatigue and how they affect daily life; 

 

• Modified Fatigue Impact Scale (MFIS): it consists in 21 questions and it 

suggests the evaluation of cognitive, physical and psychosocial component of 

fatigue [1];  

• Visual Analog Scale (VAS): it consists in a scale from 0 (no fatigue) to 10 

(severe fatigue), in which patients should indicate the severity of fatigue;  

 

 

 

 

 

Figure 1.4 – Fatigue Severity Scale (FIS) [14] 

Figure 1.5 – Visual Analog Scale (VAS) [1] 
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• Expanded Disability Status Scale (EDSS): it has the aim to assess the level of 

disability in MS patients; it goes from 0, that corresponds to a normal 

neurological examination, to 10 [4]. This is not a fatigue scale, but a clinical 

assessment of the pathology.  

 

There are energy saving strategies that are essential for the management of fatigue in 

multiple sclerosis [4]. Among these, learning how to balance activities and rest, with a 

schedule of activities to be carried out every day in order of priority, recognizing the signs 

of fatigue, learning to stop before reaching full exhaustion, making the work and the 

domestic environment comfortable in order to reduce energy expenditure and the use of 

relaxation techniques.  

At present, pharmacological treatments of MS, although numerous and continuously 

evolving, are not resolutive and the disease is disabling and irreversible. In any case, there 

are drugs and therapeutic strategies that can improve the quality of patient’s life. 

 

 

 

Figure 1.6 – Expanded Disability Status Scale (EDSS) [15] 
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1.3.  Fampyra® 

For the aim of the present study, it is important to mention Fampyra®, that contains a 

slow-release formula of 4-aminopyridine, which blocks potassium channels on the 

surface of nerve fibres. 

It acts on damaged nerve structures, preventing the charged potassium particles from 

leaving the nerve cells; in this way, it allows the electrical impulse to continue 

propagating along the axons. 

The recommended dose is one 10 mg tablet, taken orally, twice a day, 12 hours apart and 

the tablets should be taken on empty stomach.  

Clinical benefits should be identified within 2 weeks of starting treatment with 

Fampyra®. 

The efficacy of fampridine is evaluated both with magnetic and electrical stimulation, as 

it will be discussed successively, and assessing gait functions by administering some tests 

like 25 Feet Walk Test. 

1.4. Aim of the study 

The aim of the present study is to support and help doctors in assessing patients’ 

conditions before and after administrating Fampyra® and to make the whole assessment 

procedure automatic thanks to an algorithm specifically studied to analyse muscles 

activation signals. 

At the end, a new method more reliable and stable to assess patient’s conditions, will be 

suggested.  

 

 

 



9 
 

1.5. Materials and Methods 

The study was performed on 10 MS patients with different levels of severity of the disease 

subject to a trial of the drug Fampyra® at the Azienda Ospedaliero-Universitaria San 

Luigi Gonzaga of Orbassano (TO).  

The executed test consists in 2 electrical impulses for recording peripheral conduction 

times and 5 transcranial magnetic stimulations to record motor evoked potentials; this 

procedure is necessary to evaluate the central motor conduction time that is an index of 

patient conditions.  

Four patients have done the test before drug administration twice (a week apart), whereas 

the others only once; then, after two weeks and after having administered the drug, the 

test has been repeated.    

During stimulation, 5 muscles for each leg were analysed: vastus medialis, vastus 

lateralis, tibialis anterior, peroneus longus and flexor hallucis brevis. 
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Chapter 2 

State of art 

2.1. Transcranial Magnetic Stimulation  

To correlate fatigue in MS patients to neural activity, an emerging method is Transcranial 

Magnetic Stimulation (TMS).  

TMS is based on the principle of electromagnetic induction: a powerful transient 

magnetic field, which induces electric currents in the brain, produces the non-invasive 

direct cortical brain stimulation. 

 

During TMS, magnetic stimuli are delivered using a double cone coil that allows to 

stimulate the deep cortical regions; furthermore, the magnetic coil must be placed in a 

Figure 2.1 - Transcranial Magnetic Stimulation (TMS) [19] 
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point above the cortical leg motor area [16]; then this position is marked, and it must be 

the same throughout the whole procedure. 

Nowadays transcranial magnetic stimulation is used for recording Motor Evoked 

Potentials (MEPs) to evaluate central motor conduction slowing in MS patients. 

Corticospinal pathways excitability and integrity can be assessed using MEP amplitude 

and Central Motor Conduction Time (CMCT), but only a few TMS trials have been 

carried out in the context of MS fatigue and they have obtained mixed results. 

2.2. Central Motor Conduction Time and MEPs variability 

To calculate Central Motor Conduction Time (CMCT), as the subtraction of the total 

Peripheral Conduction Time (PCT) from the latency of corresponding MEP, Di Sapio et 

al. [17] used double cone coil TMS for recording MEPs in the same recording districts of 

Compound Motor Action Potentials (CMAPs) elicited by using High Voltage Electrical 

Stimulation (HVES). 

In fact, in a recent study, W. Troni et al. [18] have demonstrated that CMAPs, used to 

calculate PCT, can be elicited using HVES of lumbo-sacral nerve roots at their origin 

from the spinal cord. 

It is assumed that Multiple Sclerosis damage is central and not peripheral, for this reason 

the subtraction of PCT from MEP latency can be used. 

A. Di Sapio et al. [17] have also demonstrated that MEP area decrease depends on 

conduction failure and the use of MEP area in clinical practice is difficult because of the 

area variability in serial recordings. 

This variability can be reduced recording responses during controlled and defined 

voluntary muscle activation (Fig. 2.2) and using the average of few MEPs. 
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Even if it is possible to reduce variability of MEP latency and amplitude using MEP 

averaging and a standardized pattern of voluntary activation, Inter-Trial Variability (ITV) 

of motor responses to peripheral and transcranial stimulation makes their use in clinical 

practice impossible. 

2.3.  Inter-Trial Variability 

W. Troni et al. [19] developed a strategy to reduce ITV in recording MEP and CMAP 

stimulations: it consists in detecting and controlling the factors that contribute to 

variability, like temperature, circadian changes of body temperature and the shift of the 

recording site.  

Normalizing the measured ITV, they avoid also the instability due to a variable inversely 

related to the area size. 

For controlling the shift of the recording site, W. Troni et al. [19] suggest a protocol in 

which the site for the stimulation is detected placing a multiple electrode array over the 

spinal cord (Fig. 2.3 and 2.4), more precisely over the dorso-lumbar tract. 

Figure 2.2 – Protocol for voluntary facilitation. A: relaxed position.  

B: simultaneous activation of vastus medialis, tibialis anterior and flexor hallucis 

brevis. [17] 
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Over the selected site a small round tattoo is drawn, as suggested by radiotherapy 

protocols, to allow an easier detection of the same stimulation site during the subsequent 

tests. 

 

To reduce variability due to the temperature, they suggest carrying out the test in a room 

set at 22°C and noting body temperature. 

Finally, they indicate to record two CMAPs and, after having rectified them, to measure 

areas and latency. 

ITV is calculated as:  

 

�� � ��

�. � ∗ 	�� 
 ���
∗ ��� 

  

where V1 and V2 are the areas or latencies of the responses to stimulation). 

For recording CMAPs, once the electrode is placed, HVES is performed producing a 

rectangular pulse (t=50 µs and Vmax=1000V) and the current intensity is increased till 

the saturation of responses. Furthermore, as PCT, latencies were used. 

For what concerns TMS and voluntary activation, MEPs are recorded using double cone 

coil. A stimulus with and amplitude between 50 and 200 µV is delivered in 10 recording 

Figure 2.4 – Leg muscles activation signals recording. Figure 1.3 – Position of stimulation 

electrode. 



14 
 

sites (5 on each leg); then stimuli, 150% above the threshold, are delivered. At the end of 

the procedure, 2 or 3 basal MEPs and 5 activated MEPs [17] are recorded. 

2.3.1. Areas   

Areas are determined, after having rectified signals, as the product ms*mV; subsequently, 

ITV is normalized to avoid potential bias; in this way, areas were evaluated using a new 

parameter, normITV: 

 

�
� ∗
��� � 	�� ∗ ��

���
 

 

where CV represents the ITV component inversely related to area for each unit of area (1 

mVms), and Δ is obtained as the subtraction of mean area (between V2 and V1) from 

theoretical area value (as the mean area values from their population + 3SD) [20].  

The procedure is the same for both central and peripheral stimulations. After having 

obtained all values of normITV, the ratio between MEP areas and RAD areas is evaluated 

and also in this case normITV is determined. 

To assess if a muscle performance is improved or worsened after drug administration, 

every normITV value must be compared with a range determined by 5th and 95th percentile 

[19]: all that muscles belonging to that range are considered unchanged. 

2.3.2.  Latencies 

For what concerns latencies (ms), they are measured on the graphs of muscle stimulations 

and for each value only ITV is then calculated; normalization in this case is not necessary. 
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Finally, similar to the area case, each value is compared with the range determined by 5th 

and 95th percentile [19]. 

Once ITV values are obtained for both central and peripheral signals, the last operation is 

to measure the difference between peripheral and central conduction times; these values 

of ITV are then compared with the respective range. 

2.4.  Gait Analysis 

Gait Analysis is the systemic study of the human motion during walking.  

 

Changes during walk yield some information about people health, useful for example, for 

diagnosis of Multiple Sclerosis or other neurodegenerative diseases [24], in fact, it helps 

assessing severity and progression of the disease and the efficacy of therapies. 

The loss of functional ambulation is important also because of its frequency and its 

effects. In fact, following 45 years of MS, 76% of people with MS require an ambulatory 

aid and 52% bilateral assistance or worse [2].  

Figure 2.5 – Gait cycle [25] 
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For all these reasons, many tests to study walking capacity and physical activity in MS 

patients have been developed. In recent years, to evaluate walking performance in 

Multiple Sclerosis patients the 6-minute walk test (6MWT) [21] has been used.  

In this work, both 25-foot walking test (25FWT) and 6-minute walking test (6’-WT) have 

been used. 

The Multiple Sclerosis Functional Composite (MSFC) guidelines indicates that 25-foot 

walking test participants must “to walk at faster but safe speed” [22] over a 25-foot 

(7.62m) course. At the end of the test the time spent for making 25 feet is acquired. 

For what concerns 6-minute walking test (6’-WT), the examination is performed by 

asking the patient to walk for 6 minutes along a hallway; during this test the patient can 

choose the effort intensity; he/she is invited to walk at preferred speed and he/she can 

stop or use the cane if he/she is used to do in daily life. At the end of the test, total distance 

is noted. 

2.5.  Automation of walking tests 

The project to automate both walking tests is being carried out with a team of other 

engineers. 

A mobile phone is tied to patient’s ankle and, thanks to MATLAB® application, it allows 

to record data from accelerometer and gyroscope during the 6-minute walking test.  

During this procedure, the mobile phone is connected via wi-fi to a computer that records 

the sensors data, and, thanks to a dedicated program, it analyses walking data extracting 

not only the covered distance as usual, but also, for example, walk velocity and steps 

frequency. 

The aim of this procedure is to obtain not only the distance covered during patients walk 

and to automatize the procedure, but also to obtain other parameters that could help 
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doctors to assess severity of the disease and to have a wider idea about patient’s 

conditions, in particular, about fatigue progression. 
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Chapter 3 

Materials and methods 

3.1. Introduction 

The study has been carried out at  Azienda Ospedaliero – Universitaria San Luigi 

Gonzaga in Orbassano (TO), in collaboration with a team made up of two neurologists 

and a neuropathophysiology technician. 

It has been carried out on patients treated with Fampyra®, in a trial aiming to establish 

whether this drug improves patient conditions or not. 

Ten patients have been analysed (3 women and 7 men) with an average age of 48.4 years 

(range 24 – 66) and an average EDSS score of 4.5 (range 1 – 6.5). 

An algorithm has been implemented to automatize signals processing and provide an 

evaluation of patient conditions before and after Fampyra® administration. 

The algorithm is implemented using MATLAB, version 2017b for Windows 10. It aims 

at emulating what doctors do after recording signals, measuring areas and latencies, for 

the evaluation of ITV. 

Patients data have been extracted in ASCII format, from the computer used for recording 

stimulation signals. 

The first six patients submitted to the trial have been subject to the stimulation test only 

once before the drug administration, whereas the other four patients have been submitted 

to the test twice, a week apart. For patients that have been submitted to two stimulations 
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before drug administration, the one closest to signal post-drug administration has been 

chosen for the sake of comparison and final evaluation. 

This decision is due to a problem about data instability. In fact, as it will be explained in 

the next sections, a huge difference between signals pre- and post- drug administration 

may indicate an unreliable evaluation. 

The algorithm allows one to choose data of patients to be analysed, and it measures, for 

both peripheral and central signals, areas and latencies, obtaining respectively normITV 

and ITV and implementing a preliminary assessment. 

ITV measures the inter-trial variability, so it has been used to assess if patient’s muscle 

performance is changed after drug Fampyra® administration; instead in this study, it has 

been used to highlight a problem related to the huge difference between signal before and 

after drug administration that will be explained in next sections. 

3.2. Signals 

Di Sapio et al. [17] define a protocol that consists in two electrical stimuli given to the 

patient to record peripheral muscle activation signals and at least five magnetic stimuli 

for obtaining central activation signals. 

For peripheral signals, the protocol [17] indicates that the last epoch must be selected for 

the analysis, whereas for central signals, the average among the last five stimulations must 

be taken. 

After having obtained the correct signal, the algorithm carries out the subtraction of mean 

value and first value; this last operation is done to allow signals to start from zero.  

Finally, signals are rectified and, after this last operation they are ready to be used for ITV 

measure. 
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Central stimulation signals are in general more difficult to analyse because they are more 

heavily affected by noise than peripheral ones; this is because in Multiple Sclerosis central 

lesions are more likely than peripheral ones. 

In accordance with doctors’ opinion, signals that present a peak value below 50µV have 

been considered not meaningful and marked as “non-classified (NC)”: actually, from 

these signals, it is impossible to obtain meaningful parameters or to recognize a useful 

waveform.  

 

Figure 3.2 - Typical central stimulation signal. Signal is referred to right Vastus medialis before (left) 

and after (right) drug administration. 

Figure 3.1 – Typical peripheral stimulation signal. Signal is referred to right Vastus medialis before 

(left) and after (right) drug administration. 
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For this kind of signals, areas have been measured, even though the signal has been 

classified as not meaningful, because this parameter can give anyway an idea about 

nervous transmission to muscles. On the contrary, latencies have not been determined, 

because the obtained measure, in this case, is unreliable. 

For all other signals, i.e. for all signal with a peak above 50µV, the analysis has been 

carried out and all parameters, as ITV and normITV, have been obtained. 

Finally, for evaluating whether patient conditions are improved or not after drug 

administration, it has been decided to give a score (the evaluation, as stated before, is 

carried out observing normITV for areas and ITV for latencies): 

- -1 to worsened muscles; 

- 0 to muscles that are not substantially changed; 

- +1 to improved muscles. 

For the assessment of each muscle, the same range (obtained considering 5TH and 95TH 

percentile) determined by W. Troni et al. [19] have been used, both for not normalized 

and normalized data. 

Once every muscle has been evaluated, scores are summed up, keeping areas and latencies 

separated and obtaining a final score that can help doctor in final assessment. 

Figure 3.3 – Muscle activation signal lower than 50 µV. On the left it is shown the stimulation signal 

before drug administration, and on the right, for the same muscle, the signal after Fampyra 

administration. 

PRE POST 



22 
 

For patients in which some muscle activation signals are classified as “not classified”, the 

final score is obtained as: 

�10 � ���

10
 

It is not possible to give a complete assessment of disease progression only considering 

this final score, but it must be related on all other patient’s parameters, as EDSS, fatigue 

scales scores and walking test results.  

Fatigue in fact, is a complex phenomenon, and it must be evaluated considering as many 

different parameters as possible. 

3.3. Instability data problem 

Observing graphs derived from stimulation data, a problem has been noted: in some cases, 

the peak values in pre- and post-drug administration data, differ more than twice and this 

is not considered meaningful from the physiopathological point of view. 

 

 

 

Figure 3.4 – An example that shows problem of the difference between peaks of graphs, before 

(left) and after (right) drug administration. Signals refer to peripheral stimulation and represent left 

Vastus medialis muscle. 
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Furthermore, this problem occurs with the same frequency (about 30% of data) for both 

peripheral and for central stimulation signals. 

The reasons of this phenomenon are not clear; some hypotheses have been done together 

with doctors, but none of them appears completely satisfying.  

The position of stimulation recording site is likely to have some impact on this problem, 

but this cannot be the only explication. What is clear is that the problem heavily affects 

the final assessment, because of its impact on ITV measures: it causes an unreliable 

measure of area (that depends on height other than base) and a consequent unreliable ITV 

and final evaluation. 

The effects of the problem on final patient’s assessment have been studied during this 

work and some alternative proposals have been tested and suggested. 

  

Figure 3.5 – An example that shows problem of the difference between peaks of graphs, before 

(left) and after (right) drug administration. Signals refer to central stimulation and represent left 

Tibialis anterior muscle. 
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3.4. Areas/Energy 

In this study the signals energy (ms*mV^2) has been measured. 

For each recorded signal, the total energy is measured and, in the same way as for areas, 

ITV and normITV are obtained. 

Time axis measures always 140 ms because physiologically muscles activation occurs 

within this time; for this reason, differences in signal peak values affect energy measures 

as well as areas. 

Affecting energy measure, the problem affects also ITV and consequently the final score.  

The protocol suggested by Di Sapio et al. [17] includes also a ratio between MEP and 

RAD areas and, also for this parameter, ITV and normITV must be calculated.  

In this work, ratios have not been considered because of the instability of data: this 

problem, as stated before, affects both central and peripheral areas measure, hence the 

ratio between these parameters results unreliable. 

To avoid this problem or, better, to obtain a more reliable measure, some alternative 

techniques will be introduced in the following section. 

3.5. Countermeasures to the peak variability problem 

To avoid the problem about data instability, in this work some methods are suggested 

that, in addition to ITV, improve data reliability. 

All these methods have been implemented with data of the same patients used for the 

measure of ITV, to allow the comparison of the results. 

The proposed methods have been discussed with neurologists to better understand what 

can be more helpful for evaluating patient’s conditions.  



25 
 

During discussion, signal morphology has emerged as a more important feature than 

values assumed by signals during stimulation tests. Hence a measure of signal 

morphological similarity is proposed. 

Normalization has been suggested, in order to make ITV measures independent of peak 

signal values, hence results can be more reliable than those of the classical method. 

Every parameter is affected by some instability, for this reason, having many different 

measures for patient has been considered the best strategy. 

A final table with all measured parameters will be drawn for each patient, to allow 

neurologists to have an overview about patient situation before and after drug 

administration. 

This final table has been used also to prove the instability of results caused by difference 

between signals. 

In the table we summarize: 

 Fatigue scales values; 

 Walking tests results; 

 Energy pre- and post - drug administration; 

 Energy measured on normalized signals pre- and post - drug administration; 

 NormITV; 

 NormITV measured on normalized signals; 

 Energy of error signal; 

 DTW distance; 

 ITV measured with latencies times. 
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3.5.1. Fatigue and clinical scales 

First of all, it has been suggested to insert, together with the evaluation based on ITV 

parameters, also fatigue scale values (Tab.1). 

Fatigue scales that have been considered are MFIS, FSS, VAFS and EDSS. 

 
  

MFIS FSS VAFS EDSS 

Patient   0-84 9-63 0-10   

1 Pre 30 NA NA 5,5 

  post 29 NA NA 

2 Pre 48 52 1 6 

  post 43 51 2 

3 Pre NA NA NA 6 

  post NA NA NA 

4 Pre 37 57 3 3 

  post 25 37 7 

5 Pre 28 44 4 4,5 

  post 25 35 6 

6 Pre 33 41 6 1 

  post 35 46 6 

7 Pre 16 31 5 3,5 

  post 16 31 5 

8 Pre 49 54 10 6,5 

  post 37 26 4 

9 Pre 59 60 8 3 

  post 45 54 3 

10 Pre 9 50 7 6,5 

  post 27 63 3 

Table 1 – Fatigue scale values for each patient of the clinical trial. 

 

For each scale, a questionnaire has been provided to patient after every stimulation test, 

asking to spend some minutes to fill it out.  

This has been made because, even though these scales are subjective they can provide an 

idea of patient’s feeling related to fatigue improvement or worsening during the trial. 
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Final results derived from activation signals analysis, have been matched with results 

from severity fatigue scales made before and after drug administration. 

The EDSS score is evaluated only once because it is a clinical evaluation and it is not 

expected to change in two weeks (that is the period between the pre- and post-drug 

administration measures). 

Some patient did not fill out questionnaire for the evaluation of fatigue. In the respective 

cell, in the complete table (Tab. 2), this has been reported as “not available (NA)”.  

3.5.2. Normalization 

For solving the problem related to spikes level, graphs have been normalized (Fig.3.6 and 

3.7) on respective peak values.  

On each graph obtained by normalization, energy and consequently ITV and normITV 

have been determined in the same way as for analysing raw data. 

Using this method, information about signal amplitude is lost, but on the other hand, this 

allows to obtain a more realistic evaluation about fatigue progression and to maintain 

signal morphology. 

After having normalized and measured all parameters on the obtained signals, score has 

been defined for each analysed muscle, using same ranges (defined by 5TH and 95TH 

percentile) obtained W. Troni et al. [19]. 

Normalized signals have not been used for measuring latencies. Actually, no difference 

can be appreciated between latency values on normalized and not normalized graphs. 
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Figure 3.6 – a) Original signal before (left) and after (right) drug administration. b) The 

respective normalized peripheral stimulation signal. 

a) 

b) 

Figure 3.7 – a) Original signal before (left) and after (right) drug administration. b) The 

respective normalized central stimulation signal. 

a) 

b) 
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3.5.3. Dynamic Time Warping   

Another method used to test reliability of ITV results, is the application of Dynamic Time 

Warping (DTW) algorithm to activation signals. 

DTW is a non-linear normalization technique [26] used for determining similarity 

between two sequences that may differ in time and speed. 

For evaluating their similarity, the algorithm takes two sequences and aligns them so as 

to minimize their Euclidean distance.  

It returns two outputs: DTW distance, that is Euclidean distance between the two aligned 

sequences, and warping path, that specifies the optimal alignment between cycles [24].  

This algorithm was thought to be used to analyse time sequences of video, audio and 

graphic data [23], then it has been successfully applied to gait analysis to compare two 

different gait patterns.  

In this work, for the first time, it has been applied to compare stimulation signals, after 

having normalized them to avoid the already discussed problem that affects data spikes.  

The basic idea is to consider the recorded muscle activation signal as two sequences 

which differ in speed and time. 

Hence, DTW has been on normalized pre- and post- drug administration stimulation 

signals.  
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Figure 3.9 – Example of DTW algorithm applied to peripheral activation signals.  

Figure 3.8 – Example of DTW algorithm applied to central activation signals.  
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Moreover, the DTW algorithm allows one to speed up signal processing and to achieve a 

reliable parameter. 

The algorithm, as stated before, returns the Euclidean distance between the two analysed 

sequences; this value has been used as a measure of reliability of results, based on ITV 

and normITV values. 

In fact, from all peripheral data and for all central data of each patient, the average DTW 

distance has been taken as a reference: ITV of signals that have a DTW distance lower 

than average value has been considered reliable. 

3.5.4. Energy of error signal 

To confirm the reliability of results, together with DTW value, another suggested method 

is the energy of error signal. 

Firstly, signals have been realigned considering peak values, to allow a more reliable 

measure. Error signal has been determined subsequently as the subtraction of post- drug 

administration signal from pre-drug administration stimulation signal, once both 

sequences have been normalized. 

Energy (as ms*(mV^2)) has been evaluated and this last parameter, together with the 

others already presented, is used to support doctors in evaluating patient’s conditions, 

evaluating the reliability of ITV and normITV parameters obtained from areas measure.  

To decide if a result is reliable or not according to energy of error signal, as done for 

DTW distance, the average value among energy results, both peripheral and central 

signals, has been evaluated; all results with energy of error signal lower than mean value 

have been considered reliable. 
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All the described parameter introduced for supporting medical evaluation of fatigue 

progresses are measured only for areas, because the discussed problem does not affect the 

research of muscle latency as much as for areas. 

  

Figure 3.10 – Example of an error signal. 
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3.6. Latencies 

Latency is defined as the time between the instant of stimulation and the beginning of the 

related response. 

 

Measure of latency is important to understand how long an impulse takes to be transmitted 

to respective muscle. In Multiple Sclerosis, in fact, impulse transmission is impaired and 

to quantify the severity of the injury, conduction time is a commonly used parameter. 

Before searching latency time, signals have been filtered with a low-pass FIR filter to 

remove signal fluctuations that could result in a wrong measure.  

Latencies have been determined for both peripheral and central muscle activation signals 

and, after having obtained all measures for all muscles, difference between RAD and 

MEP latency has been measured.  

Figure 3.11 – Latency in a muscle activation signal [27]. 

Latency 
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Figure 3.13 – An example of signal before (a) and after filtering (b). Graphs are referred to central 

stimulation. Red star represents the latency. 

a) 

b) 

Figure 3.14 – An example of signal before (a) and after filtering (b). Graphs are referred to 

peripheral stimulation. Red star represents the latency. 

a) 

b) 
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The Central Motor Conduction Time indicates how long an impulse takes from central to 

peripheral conduction; this is representative of propagation time, hence is related to the 

progression of the disease in MS patients. 

Latencies have been evaluated considering a percentage of peak value. Furthermore, to 

avoid fluctuations, a control on first milliseconds has been included. In fact, it is 

physiologically impossible that the activation point occurs before 10 ms, for this reason, 

if this happens due to various artifacts, the algorithm does not consider it, avoiding wrong 

results. 

Threshold have been selected experimentally, considering physiologically realistic 

values. 

This strategy suggests that also latencies are affected by problem of variability discussed 

before, but in this case the problem is not as severe as for areas. 

Measures of latencies, in fact, have been compared with those obtained by doctors, and a 

good accordance has been noted. For this reason, latencies measures have been 

considered reliable despite the problem due to spikes differences and no countermeasures 

have been taken. 

As stated before, latencies have been not evaluated on signals whose peak does not exceed 

50 µV, because these signals have been considered non-meaningful: a signal so noisy 

means that electrical pulse does not reach muscle, so there is no significant contraction or 

response from the respective muscle.  
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Figure 3.15 – An example of an unreliable measure of latency time due to a noisy signal, even filtered. 

In fact, signal dynamic results lower than 50µV both before (left) and after (right) drug administration.
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Chapter 4 

Results 

In this section a complete overview of parameter assessing each patient of Fampyra® trial 

is presented. Each obtained parameter will be shown, and final assessment of patient 

conditions will be defined. 

A patient with a score larger than 4 has been considered improved; on the contrary if 

results shown a score lower than -4, patient has been considered worsened and 

intermediate score denotes neither improved or worsened patient. 

As for the 6-Minutes Walking Test, a patient has been considered improved if, after drug 

administration, he/she has walked more than 30% longer distance. 

All ITV values for latencies and normITV for areas have been compared with the range 

used by Troni et al. [14], shown in following tables. 

 

Recording 

Site 

RIV5th-

95thPercentile 

RIV5th-

95thPercentile 

RIV5th-

95thPercentile 

VM -9.6 / +9.1 -6.4 / +6.7 -12.2 / +15.1 

VL -9.7 / +13.6 -6.4 / +6.1 -14.9 / +11.5 

TA -6.4 / +5.2 -5.9 / +5.6 -14.8 / +13.8 

PL -6.7 / +6.9 -5.8 / +4.2 -12.4 / +12 

FHB -6.5 / +4.1 -7.6 / +3.5 -13.1 / +16 

Table 2 – Ranges for latencies of peripheral signals (left), central signals (centre) and for CMCT (right) 
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Recording 

Site 

RIV5th-

95thPercentile 

RIV5th-

95thPercentile 

VM -29.1 / +26.6 -26.0 / +37.1 

VL -37.8 / +36.5 -21.3 / +35.0 

TA -21.7 / +28.0 -34.5 / +30.5 

PL -24.8 / +24.1 -24.1 / +34.8 

FHB -23.3 / +17.5 -31.7 / +24.5 

Table 3 – Ranges for areas of peripheral signals (left) and central signals (right) 

4.1. Patients 

For patient’s privacy each name has been replaced by a number, considering names in 

alphabetic order. 

The most meaningful parameters have been summarized in a table for each patient. The 

meaning of every parameter is explained below: 

 normITV: measured as defined by W. Troni et al. [19]; 

 normITVNorm: normITV measured on normalized signals; 

 energyES: Energy of Error Signal; 

 DTW_dist: Euclidean distance obtained from DTW algorithm; 

 ITVlat: ITV measured with latencies values. 

Abbreviations used for muscles name are: 

 rt/lt VM: right/left Vastus Medialis; 

 rt/lt VL: right/left Vastus Lateralis; 

 rt/lt TA: right/left Tibialis Anterior; 

 rt/lt PL: right/left Peroneus Longus; 

 rt/lt FHB: right/left Flexor of Hallucis Brevis. 
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4.1.1.  Patient #1 

• Peripheral stimulation signals 

  normITV normITVNorm energyES DTW_dist ITVlat 

1 Rt VM  -43,40 -9,50 13,20 1,79 -13,79 

2 Lt VM -2,66 -12,96 42,18 5,58 -25,80 

3 Rt VL -6,80 -40,04 69,35 8,17 176,47 

4 Lt VL 17,04 14,38 69,54 9,43 7,41 

5 Rt TA 55,78 14,45 208,13 25,37 -6,15 

6 Lt TA 39,30 7,23 24,43 2,13 -8,45 

7 Rt PL 34,14 -3,45 60,34 7,08 3,28 

8 Lt PL 20,12 4,34 61,37 7,45 3,13 

9 Rt FHB 72,02 -5,56 46,08 5,53 -3,15 

10 Lt FHB -16,43 20,06 135,11 7,37 97,22 

Table 4 -  Principal indicators measured on peripheral stimulation signals 

          

 Rt VM  Lt VM  Rt VL Lt VL Rt TA Lt TA Rt PL Lt PL Rt FHB Lt FHB 

Pre 8180 6180 3190 3720 1660 3290 1810 2560 1310 1500 

Post 6360 6840 4460 3780 2520 4340 2600 2960 3080 1060 

Table 5 – Peak value of each peripheral signal 

For this patient, mean DTW distance is 7.99 and mean energy of error signal is 72.97, so 

each muscle that presents a DTW distance and error energy larger than these values must 

be considered unreliable. In fact, for example, right Tibialis Anterior muscle (Fig. 4.1) 

exhibits high values of both DTW distance and energy of error signal (in boldface in 

Tab.4); this is due a difference between their peak values of about one thousand, and to a 

difference in the signal tails because of an artifact that prevents a waveform to return to 

zero. This problem heavily affects measures. DTW and energy values are able to highlight 

this artifact that makes a possible decision on these metrics unreliable. 
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It is also possible to notice that normITV values measured on non-normalized area and 

those measured on normalized signals are significantly different. This fact points out that 

waveforms before and after drug administration are different, mostly as for peak values 

and so final results must be carefully interpreted.  

This phenomenon is evident for right muscle Flexor Hallucis Brevis, in which NormITV 

and normITVNorm differ also in sign. This is due to a difference of more than twice 

between peak values of respective signals (Tab. 5). 

 

 

 

 

 

Figure 4.1 – Right Tibialis Anterior trend before (blue) and after (red) drug administration. Difference 

between signals is evident after 400ms.  
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• Central stimulation signals 

  normITV normITVNorm energyES DTW_dist ITVlatc 

1 Rt VM  -60,37 -17,01 136,62 14,22 4,88 

2 Lt VM -48,78 -2,48 74,31 11,83 11,17 

3 Rt VL -78,72 -47,13 917,97 33,83 59,92 

4 Lt VL -128,82 44,09 596,22 29,62 -26,48 

5 Rt TA 56,12 33,37 633,74 17,70 -6,02 

6 Lt TA 24,57 -6,82 460,55 20,04 4,13 

7 Rt PL 55,72 18,52 687,67 24,72 -18,93 

8 Lt PL 4,62 25,71 712,31 24,16 -10,39 

9 Rt FHB -10,12 13,23 1028,20 26,88 -2,02 

10 Lt FHB -46,91 9,45 102,63 9,37 -11,76 

Table 6-  Principal indicators measured on central stimulation signals 

 Rt VM Lt VM Rt VL Lt VL Rt TA Lt TA Rt PL Lt PL Rt FHB Lt FHB 

pre 1772 1643 402 1405 864 459 348 293 465 1647 

post 1354 1219 306 278 997 571 459 252 395 1121 

Table 7 –Peak values of each central signal 

For what concerns central stimulation signals, the largest difference between normITV 

and normITVNorm has been obtained for left Vastus Lateralis muscle; for this muscle 

DTW distance and energy of error exceed the average value (respectively 21.24 and 535); 

Figure 4.2 – Right Flexor of Hallucis Brevis trend before (left) and after (right) drug administration. 

A huge difference between respective maximum values can be appreciated. 
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this points out a different signals morphology before and after drug administration (shown 

in Fig.4.3). 

When such a phenomenon occurs, a reliable assessment based on normITV is impossible. 

It is recommended to look at DTW and energy values: if they are high, normITV 

measured on normalized signals must be used to obtain a more reliable evaluation. 

A possible explanation for this phenomenon is a wrong positioning of the stimulation 

electrode, but it is likely that this is not the only factor affecting this issue. 

Latency results show that in four muscles conduction is improved, whereas in one case it 

is worsened, so the final score is 3. 

Assigning scores as discussed in previous chapter, final patient evaluation has been 

summarized in the following tables: 

 

Figure 4.3 -  Left Vastus Lateralis trend before (blue) and after (red) drug administration. The huge 

difference between signals morphology is evident in the presented figure. 
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 LATENCIES AREAS Norm AREAS NC 

RAD 1 3 0 0 

MEP 3 -3 1 0 

CMCT 0   0 

Table 8 -  Scores derived from stimulation signals analysis 

MFIS FSS VAFS 6MWT EDSS 

1 NaN NaN 0 5,5 

Table 9 -  Fatigue scales scores 

Table 8 shows also the difference between the results obtained analysing non-normalized 

signals and normalized ones: in RAD signals, the final score is 3; this means that at least 

3 muscles are improved, but using normalized data no muscle is classified as improved.  

There is also an incoherence between latencies and areas measured on non-normalized 

data mostly for what concerns MEP signals. 

In summary this patient does not exhibit meaningful variations before and after 

Fampyra® administration, because no parameter changes in a substantial way. 

Also, the 6-Minutes Walking Test does not show some meaningful improvement; in fact, 

the patient has walked more distance but not so much to be considered improved; for this 

reason, 0 has been assigned as the score for this test. 

4.1.2. Patient #2 

• Peripheral stimulation signals 

For this patient, data about peripheral stimulation signals are not available. 
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• Central stimulation signals 

  normITV normITVNorm energyES DTW_dist ITVlat 

1 Rt VM  71,48 12,53 2054,84 61,55 NC 

2 Lt VM -23,29 -13,01 434,21 20,74 34,62 

3 Rt VL 10,84 1,39 2164,39 41,15 40 

4 Lt VL -29,81 6,86 672,78 25,64 -34,06 

5 Rt TA 143,01 16,36 2405,61 54,84 -47,56 

6 Lt TA 63,80 31,60 1150,14 12,11 -23,49 

7 Rt PL 48,64 -71,36 1292,15 39,44 0,49 

8 Lt PL 1,72 -1,44 1116,44 32,81 -25,76 

9 Rt FHB -40,19 29,51 781,73 24,04 -5,06 

10 FHB sx -99,55 -42,91 2297,02 59,86 -35,88 

Table 10 -  Principal indicators measured on central stimulation signals 

 Rt VM  Lt VM  Rt VL Lt VL Rt TA Lt TA Rt PL Lt PL Rt FHB Lt FHB 

Pre 35,63 391,57 108,50 432,49 92,79 2742,83 301,89 362,20 952,52 580,09 

post 56,68 364,72 115,94 334,14 532,37 2726,37 743,04 370,28 588,43 360,06 

Table 11-  Peak values of each central signal 

There is one muscle, namely right Vastus Medialis that results not classified (NC), 

because signals have a peak amplitude less than 50µV (view figure 4.4). 

 

Mean DTW and energy of error signal are respectively 37.22 and 1436.93.  

Five DTW values exceed this threshold, and four out of these five exhibit a difference 

between spikes more than twice. It is also important to notice that high DTW values 

Figure 4.4 –Right Vastus Medialis trend before (left) and after (right) drug administration. Signal 

before drug administration has an amplitude lower than 50µV. 
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belong mostly on right muscles, which is likely to be more affected than left one in this 

patient, due to the specific localization of lesions. 

Only for left Vastus Medialis and Tibialis Anterior, normITV values for normalized and 

non-normalized signals are similar. 

Four ITV for latency values denote a possible improvement, whereas only one is 

worsened. So, the final score assigned to MEP latencies is 3. 

 

 LATENCIES AREAS Norm AREAS NC 

MEP 3 1 0 1 

Table 12 - Scores derived from stimulation signals analysis 

MFIS FSS VAFS 6MWT EDSS 

5 1 -1 0 6 

Table 13 - Fatigue scales scores 

Having obtained only central stimulation signals, it is impossible to perform a complete 

assessment of this patient’s conditions. However, the available data, patient suggest that 

this patient does not show meaningful changes after Fampyra® administration. 

Also, the 6 Minute Walking Test confirms this conclusion, but considering subjective 

fatigue scales, it seems that patient feels slightly improved. This has no confirmations in 

objective metrics. 
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4.1.3. Patient #3 

• Peripheral stimulation signals 

  normITV normITVNorm energyES DTW_dist ITVlat 

1 Rt VM  -129,29 -38,65 2489,45 46,99 -35,90 

2 Lt VM 804,23 56,09 6622,55 102,63 -38,30 

3 Rt VL 9,45 -33,33 1743,86 43,66 -6,45 

4 Lt VL -45,15 -29,43 955,27 22,99 18,18 

5 Rt TA -13,65 -2,49 698,90 7,28 26,57 

6 Lt TA -6,03 -13,59 238,61 11,49 -5,56 

7 Rt PL -0,59 -8,99 122,68 14,45 -3,77 

8 Lt PL -87,26 -74,98 7923,04 71,96 184 

9 Rt FHB -41,47 -5,81 83,84 7,85 -6,22 

10 Lt FHB -31,64 -11,33 281,37 12,30 0 

Table 14 - Principal indicators measured on peripheral stimulation signals 

 Rt VM Lt VM Rt VL Lt VL Rt TA Lt TA Rt PL Lt PL Rt FHB Lt FHB 

pre 4010 6520 1760 3240 2700 4190 3130 1860 10310 5490 

post 1550 9830 2640 2960 2460 4550 3390 1870 8190 4700 

Table 15 -  Peak values of each peripheral signal 

Mean DTW distance is 34.16, whereas mean energy of error signal is 2115.96. 

Comparing the obtained results with these two values, four signals exhibit DTW values 

higher than mean DTW and one of this, right Vastus Medialis, has also a difference more 

than twice between peak values. 

This is another example of the instability data phenomenon already discussed. 

Looking at Fig. 4.5, it is possible to appreciate that, besides the difference between spikes, 

also the signal morphology is significantly different in this case. 
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Other two muscles however exceed the DTW threshold, with a difference that is less than 

twice, but quite significant; these are left Vastus Medialis and right Vastus Lateralis. 

For what concerns right Vastus Lateralis, the difference in morphology is reflected also 

by the difference between the two normITV values that differs also in sign. 

One muscle, left Peroneus Longus (Fig.4.6), have a very high ITV latency value, but also 

a DTW distance larger than mean value; this confirms that this result is unreliable. 

Figure 4.5 - Right Vastus Medialis trend before (blue) and after (red) drug administration. Notice the 

different morphology of signals that is highlighted also by DTW value. 

Figure 4.6 - Left Peroneus Longus trend before (left) and after (right) drug administration. Notice the 

difference between two signals morphology. 
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• Central stimulation signals 

  normITV normITVNorm energyES DTW_dist ITVlat 

1 Rt VM  63,25 -105,90 8521,49 81,82 -50,47 

2 Lt VM 8,15 -53,62 1274,83 26,05 -3,47 

3 Rt VL 108,66 -55,63 1419,07 49,19 -7,49 

4 Lt VL 27,19 -36,64 610,45 18,74 0 

5 Rt TA 89,98 -53,98 1029,99 25,71 -9,52 

6 Lt TA 50,74 -13,90 200,80 14,42 -11,58 

7 Rt PL 104,88 -23,25 949,04 35,21 -9,23 

8 Lt PL 84,51 -30,86 1092,94 36,34 -0,87 

9 Rt FHB 39,76 -24,15 450,54 9,41 36,99 

10 Lt FHB -5,41 -20,53 152,47 6,21 1,66 

Table 16 - Principal indicators measured on central stimulation signals 

 Rt VM Lt VM Rt VL Lt VL Rt TA Lt TA Rt PL Lt PL Rt FHB Lt FHB 

pre 146,45 642,29 170,95 804,08 295,27 2010,59 107,45 358,1021 718,56 1424,58 

post 610,68 1008,81 685,09 1250,73 903,17 2878,29 323,7418 859,59 1118,83 1592,11 

Table 17 -  Peaks values of each central signal 

For what concerns central stimulations signals, mean DTW distance is 30.31 and mean 

energy of error signal 1570.16. 

Four muscles exhibit a DTW distance larger than mean value; for the same muscles it is 

also possible to appreciate a difference more than twice between peak value in pre- and 

post-drug administration signals. 

Only one of mentioned signals, exhibits an energy of error signal exceeding the average 

values; this is confirmed by the graph (Fig.4.7); this muscle is right Vastus Medialis and, 

as for peripheral stimulation, a DTW distance larger than average value has been 

obtained. 
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ITV in Vastus Medialis latency is quite large and this seems to denote a worsening, but, 

as stated before, the evaluation cannot be done without looking also at DTW distance and 

energy of error signal. These parameters, in fact, denote that this ITV value is unreliable 

because of the huge difference between signals morphology. 

On the contrary, left Flexor of Hallucis Brevis signals are very similar (Fig.4.8), and the 

respective normITV values are similar as well, whereas the DTW distance and ITV values 

are lower than in the previous discussed cases.  

This case is a clear example of what has been discussed before: the obtained results are 

strictly correlated with signals morphology. In fact, when the morphology is similar as in 

this case, normITV on not normalized or normalized signals leads to the same assessment, 

and DTW and energy values are lower than their respective average values. 

 

Figure 4.7 - Right Vastus Medialis trend before (blue) and after (red) drug administration 
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Final scores are summarized in following tables (Tab.19 and 20): 

 LATENCIES AREAS AREAS norm NC 

RAD -1 -4 -1 0 

MEP 4 7 -6 0 

TOT 3   0 

Table 18 - Scores derived from stimulation signals analysis 

MFIS FSS VAFS 6MWT EDSS 

NaN NaN NaN -1 6 

Table 19 - Fatigue scales scores 

Scores derived from latencies and areas of non-normalized signals are consistent, 

whereas, comparing these results with those obtained using normalized signals, scores 

are almost opposite. 

Figure 4.8 - Left Flexor of Hallucis Brevis trend before (blue) and after (red) drug administration. 

Figure highlights the similarity between the two waveforms. 
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Moreover, it can be noticed that the scores based on normalized signals are consistent 

with 6 Minute Walking Test result; this last is rather reliable because a threshold of 30% 

is a very conservative parameter. 

For this reason, even though looking at stimulation scores the situation seems to be 

confused, the 6 Minute Walking Test score clearly indicates that patient is worsened. This 

is in line with score based on normalized signals. 

This patient is characterized by a high EDSS score, denoting a serious clinical condition 

4.1.4. Patient #4 

• Peripheral stimulation signals 

  normITV normITVNorm err_energy distNorm ITVlat 

1 Rt VM  26,05 -2,82 29,71 5,42 -4,88 

2 Lt VM 257,16 67,71 2395,62 51,70 -4,44 

3 Rt VL 149,11 92,08 3332,83 72,29 -73,68 

4 Lt VL -63,45 -38,57 364,94 20,68 -111,11 

5 Rt TA -33,72 7,40 186,57 15,21 -18,75 

6 Lt TA 90,33 83,13 7934,33 101,74 -160 

7 Rt PL -23,50 36,23 417,94 17,14 66,67 

8 Lt PL 96,02 90,34 10574,04 46,16 -9,90 

9 Rt FHB 109,59 22,37 65,33 3,32 14,29 

10 Lt FHB 113,13 27,08 161,60 10,57 9,52 

Table 20 - Principal indicators measured on peripheral stimulation signals 

 Rt VM Lt VM Rt VL Lt VL Rt TA Lt TA Rt PL Lt PL Rt FHB Lt FHB 

pre1 9840 10630 5950 2850 7070 3510 4560 3230 7830 7940 

post 12010 11100 6270 2160 5140 2620 2590 2190 13800 12850 

Table 21 -  Peak values of each peripheral signal 

The highest values of DTW distance (mean value: 34.42) and energy of error signal (mean 

value: 2546.29) have been obtained from left Tibialis anterior and left Peroneus Longus, 

but in neither case the difference between peak signal values exceeds twice. This could 
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mean that signals are different in morphology but not so much in amplitude; to better 

understand signal trends in this case is necessary to look at graphs. 

Left Vastus Lateralis exhibits a very large ITV latency, but DTW distance and energy of 

error signals lower than average value (Fig.4.9).  

• Central stimulation signals 

  normITV normITVNorm energyES DTW_dist ITVlat 

1 Rt VM  8,20 16,62 5139,03 62,31 -155,76 

2 Lt VM 64,91 70,80 5628,08 57,21 26,88 

3 Rt VL 87,48 27,58 5991,89 68,64  NC 

4 Lt VL 3,92 3,53 2929,30 56,19 -148,05 

5 Rt TA 118,76 17,96 3300,94 55,44  NC 

6 Lt TA 63,20 13,44 7186,56 78,72 -111,81 

7 Rt PL 101,54 12,03 2364,21 43 64,39 

8 Lt PL 126,91 50,49 4754,77 76,71  NC 

9 Rt FHB 111,12 85,87 4189,39 107,19 -138,60 

10 Lt FHB 118,02 23,41 4250,71 61,48 8,51 

Table 22 - Principal indicators measured on central stimulation signals 

Figure 4.9 - Left Vastus Lateralis trend before (blue) and after (red) drug administration. 
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 Rt VM Lt VM Rt VL Lt VL Rt TA Lt TA Rt PL Lt PL Rt FHB Lt FHB 

pre1 64,27 92,24 44,18 117,27 36,81 96,38 51,60 46,92 128,87 53,03 

post 60,54 87,30 74,27 117,59 107,70 140,93 115,75 133,15 181,01 145,73 

Table 23 -  Table shows maximum values of each central signal 

Mean DTW value and mean energy of error signal are respectively 66.69 and 4573.49. 

Four DTW values are higher than the mean value, and two of these are defined as “Not 

classified”; this means that they are too noisy to be analysed. 

The problem occurs in signal recorded before drug administration (Fig.4.10). 

ITV values are also high, but the greatest values correspond to a high DTW distance, so 

they are considered unreliable. Latency measures are more reliable and easier to identify 

than areas. For this reason, when ITV are unreliable, all other parameters are unreliable 

too. This happens when the signal has a low amplitude: the threshold of 50 µV is very 

conservative, but there are also borderline cases that makes the signal analysis hard. 

a) 

b) 

Figure 4.10 - Trend of a not classified signal. Red star defines the latency point. This is an example 

of a signal with an amplitude lower than 50µV 
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Left Vastus Lateralis exhibits consistent normITV values, but a high DTW distance even 

though it is below mean value. This fact could denote a different morphology of signals, 

similar but amplitude values. 

Following table shows the final score for this patient: 

 LATENCIES AREAS AREAS norm NC 

RAD 2 4 6 0 

MEP 0,7 8 3 3 

CMCT 1,4   3 

Table 24 - Scores derived from stimulation signals analysis 

MFIS FSS VAFS 6MWT EDSS 

12 20 -4 0 3 

Table 25 - Fatigue scales scores 

Overall, the patient’s conditions appear improved; in fact, results suggest a slight 

improvement of conduction after drug administration. This is felt by patient himself 

because the fatigue scales suggest an enhancement in physical and psychological 

conditions. 

4.1.5. Patient #5 

• Peripheral stimulation signals 

  normITV normITVNorm energyES DTW_dist ITVlat 

1 Rt VM  24,09 12,01 45,44 3,10 -20,9 

2 Lt VM 125,27 18,33 97,94 9,67 3,51 

3 Rt VL -2,02 8,88 103,55 5,78 -49,1 

4 Lt VL 72,21 2,20 250,35 8,26 3,77 

5 Rt TA 94,42 28,50 312,75 11,77 16,54 

6 Lt TA 33,18 11,46 86,38 6,71 1,40 

7 Rt PL -5,50 -10,64 39,16 8,45 -3,28 

8 Lt PL -4,56 21,47 134,43 16,77 -4,96 

9 Rt FHB 84,57 28,82 342,16 10,91 7,69 

10 Lt FHB 86,63 32,62 444,12 18,42 6,50 

Table 26 - Principal indicators measured on peripheral stimulation signals 
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 Rt VM Lt VM Rt VL Lt VL Rt TA Lt TA Rt PL Lt PL Rt FHB Lt FHB 

pre2 11640 6040 4460 3430 3330 5010 6660 6010 4000 3060 

post 12020 14310 4030 6570 6300 5820 7050 4710 6440 5300 

Table 27 -  Peak values of each peripheral signal 

Mean DTW distance and energy of error signal are respectively 9.98 and 185.63. 

Four signals exceed DTW mean value and mean energy of error signal value; these 

muscles also exhibit a huge difference between normITV measured on non-normalized 

area and normalized signals respectively. 

Left Vastus Medialis shows a huge difference between peak values of signals and between 

normITV and normITVNorm, even though it is not characterized by high values of DTW 

and of error signal energy. This is likely to denote a difference only in signals morphology 

(Fig.4.11).  

This fact confirms again that signal morphology is very important for the patient 

assessment and for normITV and ITV reliability. 

 

 

 

Figure 4.11 - Trend of left Vastus Medialis before (left) and after (right) drug administration. Graphs 

exhibit the difference between maximum values. 
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• Central stimulation signals 

  normITV normITVNorm energyES DTW_dist ITVlat 

1 Rt VM  45,58 -34,49 1930,41 52,72 36,77 

2 Lt VM 30,11 13,74 1449,60 31,14 76,44 

3 Rt VL 13,12 15,13 2828,60 55,65 80 

4 Lt VL 16,16 18,01 1314,69 32,28 -111,6 

5 Rt TA -11,90 14,40 4432,16 56,55 -33,33 

6 Lt TA 106,48 -8,44 3196,93 76,07 116,03 

7 Rt PL 80,03 -20,03 2755,43 55,50 27,59 

8 Lt PL 29,63 -22,37 2095,46 40,18 -26,97 

9 Rt FHB 87,51 14,58 1360,46 25,36 -15,91 

10 Lt FHB 94,26 61,53 2874,47 52,88 0 

Table 28 - Principal indicators measured on central stimulation signals 

 Rt VM Lt VM Rt VL Lt VL Rt TA Lt TA Rt PL Lt PL Rt FHB Lt FHB 

pre2 75,95 302,50 97,93 206,45 348,63 223,80 76,24 207,71 299,11 303,37 

post 135,55 339,46 96,53 203,60 290,45 580,30 165,62 300,10 541,22 410,93 

Table 19 -  Peak values of each central signal 

Mean DTW distance and energy of error signal are respectively 47.83 and 2423.82. 

More than 50% of values exhibit DTW distance larger than average value and three of 

them have a huge difference between peak signals. 

Two signals, namely left Vastus Lateralis and left Tibialis Anterior, exhibit a very high 

ITV latency. This suggests that signals are out of phase (Fig. 4.12). 

On the other hand, left Flexor of Hallucis Brevis ITV reveal that signals are perfectly in 

phase, as suggested by the ITV value. But, for one of them, DTW distance and error signal 

Figure 4.12 - Left Tibialis Anterior trend before (blue) and after (red) drug administration. As it is 

shown, signals are out of phase and this causes a ITV measure very high 
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energy warn that this information may be unreliable because those values are higher than 

the average one. 

Scores are summarized in following table. 

 LATENCIES AREAS AREAS norm NC 

RAD -1 6 3 0 

MEP -1 5 0 0 

CMCT 2   0 

Table 30 - Scores derived from stimulation signals analysis 

MFIS FSS VAFS 6MWT EDSS 

3 9 -2 0 4,5 

Table 31 - Fatigue scales scores 

Final scores suggest that this patient conditions are improved after Fampyra® 

administration, but looking at normalized data and DTW value, the assessment results 

unreliable. 

In fact, there is a huge difference between final score measured on non-normalized and 

normalized signals. 

Furthermore, the fact that this patient is not improved as much as it is suggested by 

analysing non-normalized data, is also witnessed by fatigue scales values; actually, this 

patient does not feel better so much. 
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4.1.6. Patient #6 

• Peripheral stimulation signals 

  normITV normITVNorm energyES DTW_dist ITVlat 

1 Rt VM  39,48 13,72 52,32 4,36 0 

2 Lt VM 44,46 23,49 71,74 5,67 -4,08 

3 Rt VL 31,04 10,67 71,75 4,17 0 

4 Lt VL 4,13 4,64 118,18 3,80 -15,4 

5 Rt TA 17,33 7,71 217,72 6,26 0 

6 Lt TA 52,77 9,67 277,48 3,62 21,85 

7 Rt PL -9,74 -1,31 52,48 4,25 3,70 

8 Lt PL 21,21 2,10 54,81 4,77 1,87 

9 Rt FHB -5,81 -5,59 69,31 11,41 1,89 

10 Lt FHB -35,61 8,04 124,19 13,19 0 

Table 32 - Principal indicators measured on peripheral stimulation signals 

 Rt VM Lt VM Rt VL Lt VL Rt TA Lt TA Rt PL Lt PL Rt FHB Lt FHB 

pre2 4930 4840 3570 4100 4610 3890 2690 3780 6500 7060 

post 6020 5690 4250 4070 4870 5380 2490 4480 6540 4900 

Table 33 -  Peak values of each peripheral signal 

Mean DTW distance and mean energy of error signal are respectively 6.15 and 111. 

In this case, only for both Flexors of Hallucis Brevis DTW and error signal energy exceed 

mean values, but no significant differences are found in signals peak values. 

Some IVT latencies results 0; this means that signals start at the same time both before 

and after drug administration, as it can be seen by Fig. 4.11 (referred to right Vastus 

Medialis). 

An ITV latency equals to 0 means that nothing is changed before and after drug 

administration. 

This happens because there was nothing to improve in this patient conditions; in fact, 

looking at EDSS value, it is 1, i.e. this patient’s clinical conditions are good, and he/she 

is hardly affected by MS motor symptoms.  
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• Central stimulation signals 

  normITV normITVNorm energyES DTW_dist ITVlat 

1 Rt VM  -42,59 13,09 61,64 4,80 -10,70 

2 Lt VM 42,37 6,23 35,10 4,38 2,27 

3 Rt VL 17,33 3,73 57,37 4,11 0 

4 Lt VL 2,69 5,43 156,67 7,26 0 

5 Rt TA 85,31 3,19 53,95 3,72 0,78 

6 Lt TA 49,67 9,24 164,93 3,66 0 

7 Rt PL -24,33 3,75 1017,83 12,00 -8,06 

8 Lt PL 28,21 -20,13 157,57 9,66 4,26 

9 Rt FHB 3,76 -38,69 385,89 13,31 14,33 

10 Lt FHB -39,18 -33,16 499,90 17,48 2,92 

Table 34 - Principal indicators measured on central stimulation signals 

 Rt VM Lt VM Rt VL Lt VL Rt TA Lt TA Rt PL Lt PL Rt FHB Lt FHB 

pre2 1511,96 792,82 1329,60 882,09 4112,23 3305,99 842,51 807,21 1218,39 1238,75 

post 1031,80 1020,61 1450,43 864,73 5010,46 3708,37 696,18 1123,82 1647,90 1212,62 

Table 35 -  Peak values of each central signal 

Figure 4.11 - Right Vastus Medialis trend before (blue) and after (red) drug administration. Signals 

are very similar and for this reason a low DTW is obtained. 
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Mean DTW distance and energy of error signal are respectively 8.04 and 259.08. 

Left Peroneus Longus exhibits a huge difference between signals maximum values; this 

diversity is confirmed also by a high value of DTW. 

Furthermore, high values of DTW and error signal energy are also present in right 

Peroneus Longus and for both Flexors of Hallucis Brevis, but for these muscles no 

meaningful differences between spikes are detected. 

This may indicate that signals morphology is different, but they are similar in amplitude. 

An example is shown by Fig. 4.12.  

 

An example of a muscle that, before and after drug administration has not changed its 

behaviour is represented by left Vastus Lateralis. In fact, in this case, ITV latency is 

approximately 0 and DTW and error signal energy are very low. Muscle signal is shown 

by the following figure (Fig. 4.13). 

Figure 4.12 - Right Peroneus Longus trend before (blue) and after (red) drug administration. Signals 

differs in morphology but not in peak amplitude. 
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All those factors point out that drug has not been effective, because before and after 

Fampyra®, administration no changes can be appreciated, and this also is confirmed by 

normITV values. 

 

Final scores are summarized in tables:  

 LATENCIES AREAS Norm AREAS NC 

RAD 0 2 0 0 

MEP 0 0 -2 0 

CMCT -2   0 

Table 36 - Scores derived from stimulation signals analysis 

MFIS FSS VAFS 6MWT EDSS 

-2 -5 0 0 1 

Table 37 - Fatigue scales scores 

These results confirm that no meaningful changes can be appreciated between signals 

before and after drug administration.  

Fatigue scales denote that also the patient does not feel better; on the contrary, he/she 

seems to feel quite worsened as it can be seen from fatigue scales scores. 

The fact that this patient feels a worsening in fatigue progression, but from stimulation 

data no changes are found, highlights that fatigue is not only a motor phenomenon. 

 

Figure 4.13 - Left Vastus Lateralis trend before (left) and after (right) drug administration. Red star 

represents latency. 



62 
 

4.1.7. Patient #7 

• Peripheral stimulation signals 

  normITV normITVNorm energyES DTW_dist ITVlat 

1 Rt VM  1,90 2,07 23,07 2,42 11,76 

2 Lt VM -13,82 8,60 8,67 2,28 19,72 

3 Rt VL 5,48 1,23 26,28 5,47 20,9 

4 Lt VL -5,34 14,43 68,20 8,39 22,22 

5 Rt TA -89,76 26,41 395,82 17,99 -5,13 

6 Lt TA -85,00 11,18 367,83 18,81 -13,95 

7 Rt PL -59,69 21,00 178,69 16,02 -86,49 

8 Lt PL -79,88 -18,96 101,43 12,22 6,90 

9 Rt FHB -49,87 20,15 86,66 11,57 0,86 

10 Lt FHB -46,49 17,65 164,03 23,92 -6,11 

Table 38 - Principal indicators measured on peripheral stimulation signals 

 Rt VM Lt VM Rt VL Lt VL Rt TA Lt TA Rt PL Lt PL Rt FHB Lt FHB 

pre 6520 9270 6720 6210 4690 3600 2920 3950 7510 5880 

post 6490 7780 6920 5190 1270 1190 1280 1860 4000 3270 

Table 39 -  Peak values of each central signal 

Mean DTW distance and energy of error signal are respectively 11.91 and 141.07. 

The last five muscle signals exceed threshold of DTW distance and energy signal error; 

they also show a difference of almost twice between peak values. Instability of results 

can be appreciated also in the difference between normITV measured on normalized and 

non-normalized signals. 

Such five muscles, at a first evaluation, could result worsened, but looking at DTW 

distances and normITV on normalized signals, some of them have been defined as 

improved. 

This confirms the presence of instability that affects most of these data. 
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• Central stimulation signals 

  normITV normITVNorm energyES DTW_dist ITVlat 

1 Rt VM  80,00 -22,99 447,78 25,04 15,91 

2 Lt VM 29,77 4,73 292,80 18,79 -21,60 

3 Rt VL 57,32 -56,19 1273,26 45,02 17,42 

4 Lt VL -3,37 34,56 993,32 14,15 3,10 

5 Rt TA -43,38 49,21 1535,78 13,98 -0,95 

6 Lt TA 98,05 17,55 155,49 6,86 -34,18 

7 Rt PL -53,67 -20,74 784,03 18,52 15,39 

8 Lt PL -66,71 55,91 601,02 13,71 -8,05 

9 Rt FHB 26,15 47,91 533,31 24,22 -21,66 

10 Lt FHB 58,24 -6,32 505,26 21,52 9,06 

Table 40 - Principal indicators measured on peripheral stimulation signals 

 Rt VM Lt VM Rt VL Lt VL Rt TA Lt TA Rt PL Lt PL Rt FHB Lt FHB 

pre 289,50 2001,46 323,99 966,66 2146,49 1728,51 523,06 1371,16 597,37 459,68 

post 633,32 2261,40 741,86 737,97 1216,70 2557,87 417,42 567,28 504,48 729,90 

Table 41 -  Peak values of each central signal 

Mean DTW distance and energy of error signal are respectively 20.18 and 712.21. 

The highest value of DTW distance results from right Vastus Lateralis signal; also, the 

energy of error signal is very high and in fact, difference between peak value of signals 

before and after drug administration exceeds twice. 

The two values of normITV, for normalized and not normalized signals, are almost 

opposite too. 

All presented data point out that the results are unreliable because the two signals have a 

very different morphology, as it can be seen by figure (Fig. 4.14). 
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This assessment is clear also for right Vastus Medialis and left Flexor of Hallucis Brevis, 

in which high DTW and error of energy signals witness the instability in normITV 

parameters. 

As Fig. 4.15 shows, signals referred to left Tibialis Anterior are out of phase; this explains 

the negative ITV value that defined this muscle surely improved. 

Figure 4.14 - Left Flexor of Hallucis Brevis trend before (blue) and after (red) drug administration. 

High DTW value indicates the unreliability of data. 
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Final scores are summarized in following tables: 

 LATENCIES AREAS AREAS norm NC 

RAD -2 -6 2 0 

MEP 0 2 2 0 

CMCT 0   0 

Table 42 - Scores derived from stimulation signals analysis 

MFIS FSS VAFS 6MWT EDSS 

0 0 0 0 3,5 

Table 43 - Fatigue scales scores 

Looking at areas on non-normalized signals, this patient seems to be worsened; on the 

other hand, looking at normalized areas, nothing seems changed.  

This last assessment is confirmed by fatigue scales scores, that indicate that this patient 

does not feel better after Fampyra® administration. 

Figure 4.15 - Left Tibialis Anterior trend before (blue) and after (red) drug administration. 
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Correlation between scores defined by normalized signals and those obtained on fatigue 

scales is another important indicator of non-normalized data instability. 

As stated before, the final assessment cannot be done only looking at fatigue scales, but 

the presence of a correlation among all scores is a good indicator for better understanding 

the impact of the discussed problem on final evaluation. 

4.1.8. Patient #8 

• Peripheral stimulation signals 

This patient does not have an evaluation of peripheral stimulation signals. 

• Central stimulation signals 

  normITV normITVNorm energyES DTW_dist ITVlat 

1 Rt VM  9,80 -10,19 2475,15 66,17 NC 

2 Lt VM -41,36 -19,37 3859,82 64,88 72 

3 Rt VL -56,89 3,34 3144,20 68,78 NC 

4 Lt VL -40,69 -14,76 3555,98 81,03 NC 

5 Rt TA 98,07 -69,23 2662,03 63,90 -41,94 

6 Lt TA -14,77 10,51 273,45 9,82 6,02 

7 Rt PL -115,24 -44,76 5098,99 83,68 NC 

8 Lt PL 8,86 21,25 2754,07 70,94 NC 

9 Rt FHB 7,68 54,16 1570,58 55,65 54,55 

10 Lt FHB 23,89 53,78 2691,81 86,52 8,89 

Table 44 - Principal indicators measured on central stimulation signals 

 Rt VM Lt VM Rt VL Lt VL Rt TA Lt TA Rt PL Lt PL Rt FHB Lt FHB 

pre 36,73 73,45 54,03 39,96 85,88 691,81 65,47 54,45 476,01 209,14 

post 42,28 62,50 34,56 33,05 338,93 580,73 29,42 49,85 336,11 166,21 

Table 45 -  Peak values of each central signal 

Mean DTW distance is 61.14, whereas mean energy of error signal is 2808.61. 

Five muscle activation signals results not classified; in fact, as it can be appreciated in 

Tab. 45, signal peak values do not exceed 50 µV. For all these signals, a high DTW value 

has been obtained. 
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For what concerns the other five, only two muscle signals exhibit a DTW lower than the 

mean value, namely left Tibialis Anterior and right Flexor of Hallucis Brevis. 

The highest ITV is achieved for left Vastus Medialis; in fact, these signals are noticeably 

out of phase (view Fig. 4.16) 

 

Final scores are summarized in the following table: 

 LATENCIES AREAS Norm AREAS NC 

MEP -1,5 -3 0 5 

Table 46 - Scores derived from stimulation signals analysis 

MFIS FSS VAFS 6MWT EDSS 

12 28 6 1 6,5 

Table 47 - Fatigue scales scores 

The high number of “not classified” signals is probably due to the high EDSS score of 

this patient. 

Looking at Tab. 46, this patient seems to be worsened; however, he/she feels improved, 

as reported in the subjective scales.  

This divergence is probably due to the numerous of non-classified signals: a complete 

assessment based only on muscle stimulation signals cannot be carried out because many 

muscles do not yield meaningful data for the evaluation of patient conditions. 

This is another situation in which, because of the high EDSS, the assessment cannot be 

based on stimulation scores as these cannot give a reliable result. Instead, the evaluation 

should be carried out considering fatigue scales and the 6 Minutes Walking Test. 

Figure 4.16 - Left Vastus Medialis trend before (blue) and after (red) drug administration 
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These latter parameters point out that the patient conditions are improved after Fampyra® 

administration.  

4.1.9. Patient #9 

• Peripheral stimulation signals 

  normITV normITVNorm energyES DTW_dist ITVlat 

1 Rt VM  -222,71 -64,85 1846,12 54,06 3,39 

2 Lt VM 37,77 -4,69 24,83 3,89 2,90 

3 Rt VL 18,37 13,86 129,70 9,71 -13,33 

4 Lt VL 44,11 80,70 3984,87 116,08 -8,33 

5 Rt TA 53,92 -6,80 311,09 14,43 8,26 

6 Lt TA 105,20 45,69 1297,76 21,90 45,87 

7 Rt PL 51,21 72,06 3495,04 70,51 1,94 

8 Lt PL 99,39 62,52 1428,51 28,10 93,07 

9 Rt FHB 3,44 -2,91 10,46 3,15 -3,28 

10 Lt FHB 7,65 9,82 80,69 8,91 -3,33 

Table 48 - Principal indicators measured on peripheral stimulation signals 

 Rt VM Lt VM Rt VL Lt VL Rt TA Lt TA Rt PL Lt PL Rt FHB Lt FHB 

pre 11250 5790 3090 4170 690 790 1050 1170 6010 5240 

post 7250 8060 3190 2250 1280 2580 770 2390 6360 5100 

Table 49 -  Peak values of each peripheral signal 

Mean DTW distance and energy of error signal are respectively 33.07 and 1260.91. 

For left Vastus Lateralis, high values of DTW distance and error signal energy have been 

obtained; in addition, also the difference between signals peak values is considerable.  

This situation denotes a huge difference in signal morphology (Fig. 4.17) mostly due to 

the fact that signal obtained after drug administration does not return to zero.  

This is likely to be a recording error, but it is not clear how it happens; what is clear is 

that this problem affects the final assessment because muscle behaviour is erroneously 

classified as worsened. Again, for this reason, it is important considering DTW and the 
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energy of error signal to perform a more reliable and complete assessment of conduction 

measures. 

• Central stimulation signals 

  normITV normITVNorm energyES DTW_dist ITVlat 

1 Rt VM  -218,62 2,08 20,14 5,71 1,09 

2 Lt VM 130,97 1,61 143,60 9,51 -2,90 

3 Rt VL 10,07 25,92 173,31 14,31 3,28 

4 Lt VL -164,56 68,03 2172,06 58,43 -4,08 

5 Rt TA 41,24 -3,30 297,67 21,01 -2,14 

6 Lt TA 45,01 -0,25 854,71 31,84 7,08 

7 Rt PL 101,67 12,07 1127,09 30,38 -17,43 

8 Lt PL 2,42 103,92 5882,46 72,47 -22,39 

9 Rt FHB -41,21 1,29 109,78 11,20 -18,82 

10 Lt FHB -10,85 11,31 224,49 12,31 -5,68 

Table 50 - Principal indicators measured on central stimulation signals 

 

Figure 4.17 - Left Vastus Lateralis trend before (blue) and after (red) drug administration. It is clear 

the difference of morphology since a signal does not return to zero. 
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 Rt VM Lt VM Rt VL Lt VL Rt TA Lt TA Rt PL Lt PL Rt FHB Lt FHB 

pre 9638,91 4351,65 3417,29 4935,55 4467,77 1733,68 713,85 1732,67 1730,79 1345,86 

post 6717,80 6291,96 2958,48 1435,52 5144,37 2151,64 1335,71 693,42 1316,41 1157,42 

Table 51 -  Peak values of each central signal 

Mean DTW is 26.72, whereas mean energy of error signal is 1100.53. 

The highest values of DTW distance have been obtained for left Vastus Lateralis and left 

Peroneus Longus; for these two muscles, a large difference between peak signal values 

has been measured too. 

 

These differences also affect normITV values; in fact, in both signals notmITV measured 

on non-normalized data heavily differs from those measured on normalized signals. 

For this patient, only in the case of right Vastus Lateralis two measured normITV are 

similar; this may mean such signals have a similar morphology (Fig. 4.19). 

Figure 4.18 - Left Peroneus Longus trend before (blue) and after (red) drug administration 
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The following table summarized final scores: 

 LATENCIES AREAS Norm AREAS NC 

RAD 1 3 0 0 

MEP 3 -3 1 0 

CMCT 0   0 

Table 52 - Scores derived from stimulation signals analysis 

MFIS FSS VAFS 6MWT EDSS 

1 NaN NaN 0 5,5 

Table 53 - Fatigue scales scores 

Scores obtained working on normalized data are consistent with those derived from 

latencies, and they suggest that this patient conditions are not significantly changed.  

4.1.10. Patient #10 

• Peripheral stimulation signals 

  normITV normITVNorm nergyES DTW_dist ITVlat 

1 Rt VM  -52,30 10,32 80,53 10,91 -3,08 

2 Lt VM -29,36 4,80 34,42 4,42 2,90 

3 Rt VL -31,23 8,83 21,16 4,58 3,39 

4 Lt VL -61,88 -17,44 282,92 20,00 0 

5 Rt TA -13,04 -6,67 74,64 4,07 10,78 

6 Lt TA 29,94 25,77 991,07 26,88 -6,13 

7 Rt PL -43,83 24,07 133,26 6,36 1,65 

8 Lt PL -34,05 -8,13 73,36 7,47 1,50 

9 Rt FHB -36,43 -5,37 138,86 10,67 -144,83 

10 Lt FHB -36,13 30,66 188,83 12,40 -3,37 

Table 54 - Table summarizes principal indicators measured on peripheral stimulation signals 

Figure 4.19 - Right Vastus Lateralis trend before (blue) and after (red) drug administration 
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 Rt VM Lt VM Rt VL Lt VL Rt TA Lt TA Rt PL Lt PL Rt FHB Lt FHB 

pre 5900 6050 5950 3610 3200 1380 2830 3710 910 2690 

post 3320 4500 4160 2300 3050 1430 1460 2920 670 1410 

Table 55 -  Table shows maximum values of each peripheral signal 

Mean DTW distance and mean error of energy signal are respectively 10.78 and 201.90. 

Left Tibialis Anterior presents consistent normITV values, but high DTW distance and 

energy of error signal; this denotes an unreliable assessment caused by different 

morphology. This phenomenon can be observed also in Fig. 4.20. 

 

Difference in signals morphology is present also in the post-drug administration signal, 

that after returning to 0 increases again. This is obviously an artifact, but its causes are 

not clear also for doctors. 

Figure 4.20 - Left Tibialis Anterior trend before (left) and after (right) drug administration. Red star 

represents latency. 
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For all other signals, normITV measured on normalized areas and normITV derived from 

non-normalized data are different, usually also in sign. This underlines the instability that 

affects non- normalized data. 

• Central stimulation signals 

  normITV normITVNorm energyES DTW_dist ITVlat 

1 Rt VM  -14,02 -23,33 182,45 9,91 -22,70 

2 Lt VM -53,13 0,07 486,44 17,59 -33,90 

3 Rt VL 1,14 44,08 315,99 12,21 -35,62 

4 Lt VL 2,44 21,44 609,40 22,04 -4,11 

5 Rt TA 28,43 44,21 982,72 18,65 6,71 

6 Lt TA 7,75 -46,17 1087,53 35,84 -47,69 

7 Rt PL 82,45 -6,79 152,02 7,40 1,61 

8 Lt PL 34,22 -14,48 621,64 23,19 -1,56 

9 Rt FHB 49,01 19,72 923,26 22,88 -61,54 

10 Lt FHB -62,30 28,52 855,83 22,27 -68,75 

Table 56 - Principal indicators measured on central stimulation signals 

 Rt VM Lt VM Rt VL Lt VL Rt TA Lt TA Rt PL Lt PL Rt FHB Lt FHB 

pre 787,08 605,84 822,47 347,45 476,94 133,56 377,19 170,06 357,93 435 

post 845,29 412,79 601,58 303,60 421,49 197,53 753,20 240,51 443,67 222,66 

Table 57 -  Peak values of each central signal 

Mean DTW distance is 19.20, whereas mean error signal energy is 621.73. 

A huge difference in signals peak value has been obtained for left Flexor of Hallucis 

Brevis; this difference is confirmed by the high DTW distance and energy of error signal. 

This situation is due to a very different signal morphology (Fig. 4.21). 

 

Figure 4.21 - Left Flexor of Hallucis Brevis trend before (blue) and after (red) drug administration 
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For both Flexors of Hallucis Brevis negative values of ITV latencies have been obtained 

too, but this is not due to improvement in patient’s conditions, but instead to an initial 

artifact in signal before drug administration (Fig. 4.22). Causes of this phenomenon are 

unknow, probably this represents movement artifact. 

The same situation has been obtained also for left Tibialis Anterior; signals are very noisy 

and different of each other (Fig. 4.23), and this causes a wrong ITV latency measure. 

Figure 4.22 - Right Flexor of Hallucis Brevis trend before (left) and after (right) drug administration. 

Red star represents latency. 

Figure 4.23 - Left Tibialis Anterior trend before (left) and after (right) drug administration. Red star 

represents latency. 
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Final scores about this patient have been summarized in following tables 

 LATENCIES AREAS Norm AREAS NC 

RAD 0 -6 1 0 

MEP 5 0 2 0 

CMCT -4   0 

Table 58 - Scores derived from stimulation signals analysis 

MFIS FSS VAFS 6MWT EDSS 

-18 -13 4 0 6,5 

Table 59 - Fatigue scales scores 

Looking at fatigue scales scores, this patient feels worsened. This assessment is confirmed 

by stimulation signals; in fact, considering central motor conduction times, scores suggest 

that most conduction muscle us worsened. On the contrary MEPs latencies and normITV 

denote a small improvement; this is probably due to the fact that the patient’s feeling is 

not due to motor impairment. 

Furthermore, problem about the artifact that affect central stimulation signals is probably 

due to the high EDSS score of the patient. 

4.2. Normalized or not normalized signals 

As discussed, results derived from non-normalized data differ from those obtained 

considering normalized signals. 

The assessment obtained considering normalized signals is consistent with that defined 

by fatigue scales score; differently of the case in which non-normalized data are 

considered. 

Every time that non-normalized normITV and normalized normITV are very different, a 

high DTW and energy of error signal values are obtained; this denotes an instability 

problem that affects results derived from non-normalized signals. 
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The described phenomenon is better explained by boxplots (Fig. 4.24 and 4.25) extracted 

using as population all muscles of all patients but keeping separated the central and 

peripheral stimulations signals. 

Figures shows that normalizing the data decreases variability, almost keeping the mean 

value. 

 

Figure 4.24 – Boxplots related to MEP signals considering non-normalized (left) and normalized (right) 

data. 

Figure 4.25 – Boxplots related to RAD signals considering non-normalized (left) and normalized (right) 

data. 
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Chapter 5 

Conclusions 

5.1. Comments and conclusions 

The aim of this work was to study and analyse each MS patient for better understanding 

how data instability affects the results and consequently the final assessment. 

The study has highlighted the importance of taking signal morphology into account; in 

fact, when signals before and after drug administration differ a lot, final results are 

unreliable and not consistent with those obtained from subjective fatigue scales and 

walking tests. 

For example, when the signal to noise ratio is very low, due to a very impaired impulse 

transmission, any automatic algorithm is able to output a (latency or area) value anyway, 

but results are non-reliable. 

This phenomenon happens especially when the patient under evaluation is characterized 

by a high EDSS score (typically more than 5). On the other hand, in patients with a very 

low EDSS score (1 or 2) no changes can be appreciated because such patients are hardly 

affected by motor impairments.  

The absence of changes in patient conditions means the in these case, their possible 

perception of fatigue is not due to motor causes. 

Another issue that affects data is represented by artifacts: in these cases, the algorithm 

returns unreliable results, but looking at graphs, such artifacts can be noted.  
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Final results, when artifacts occur, are not reliable and they must be interpreted 

considering what happens during signals recording. Causes of such phenomenon are not 

clear as it is not possible to perfectly control all possible confounding factors (e.g. 

temperature or recording site position).  

This phenomenon should be more deeply studied, and some corrections should be found 

to allow measure to be more realistic. 

Latency have been proven to be more reliable than area measures, and easier to determine, 

but this is possible only if patients EDSS is intermediate. In fact, for patients with high 

EDSS, also latency measures are unreliable due to very low SNR. 

Due to this fact, when an ITV value is unusually high or low, all other features must be 

considered carefully. 

A good result obtained during this work is the correlation between scores derived from 

fatigue scales and walking tests and those derived from normalized signals.  

An exception occurs when patient has a very low EDSS, as it can be seen for patient 6; 

in these cases, fatigue is not a motor fatigue but only psychological and cannot be 

evaluated using muscle stimulation. 

On the other hand, for cases in which patients shows a EDSS more than 5, the only reliable 

measure is that obtained by 6 Minutes Walking Test, because the threshold for 

considering a patient improved or worsened is very selective, whereas results determined 

with muscles stimulation are affected by instability.  

The selectivity of the walking test threshold is the reason why in most cases, the score 

related to this test is 0, but when this does not happen, the result is very reliable. 
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5.2. Future developments 

During this study it has been chosen to normalize signals to avoid instability, but at the 

same time, thanks to DTW and energy of error signal, the importance of signals 

morphology has been highlighted.  

Future development could address methods for better taking into account signals 

morphology to allow a more reliable assessment of patient’s conditions and to better help 

neurologists in this evaluation. 

Another improvement could address the latency determination: in this study, the chosen 

method was to put a threshold as a percentage of the peak value of the signal. This method 

is affected, although in a limited way, by the discussed instability problem, so it could be 

refined to obtain a more precise and stable measure. 

Looking at the obtained results, also the threshold to decide whether to consider a signal 

meaningful or not could be reconsidered, because it has been noted that a signal with an 

amplitude of about 100 µV contains very little useful information. 

For what concerns the 6 Minute Walking Test, during this work only the distance walked 

has been considered. In future, developments other significant features could be extracted 

from walking paths and correlated with stimulations data and fatigue scale outputs.  

The more parameters are considered, the more reliable and complete the final assessment 

can be. For this reason, a team is still working on walking tests, to allow doctors to better 

evaluate patient conditions using more significant features. 

As for the technique employed in this work, it must be said that also neurologists have 

appreciated the discussed issues and are discussing about better protocols and/or metrics 

to refine their evaluations.  

In summary the main results achieved are: 

 To point out the sensitivity in selecting the stimulation site; 

 To discriminate the reliability of scores depending on EDSS class; 
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 To reveal measure error of unknown origin and to give an indication of reliability 

of the achieved scores. 

 



81 
 

Bibliography 

1. Samar S. Ayache, Moussa A. Chalah. Fatigue in Multiple Sclerosis – Insight into 

evaluation and management. Neurophysiology Clinique/Clinical Neurophysiology 

(2017) 47, 139—171; 

2. Alon Kalron. Gait variability across the disability spectrum in people with multiple 

sclerosis. Journal of the Neurological Sciences 361 (2016) 1–6; 

3. https://www.researchgate.net/profile/Molly_Nickerson/publication/260873687/figur

e/fig2/AS:269820411248672@1441341607646/The-pathophysiology-of-multiple-

sclerosis-MS-involves-many-inter-related-and.png); 

4. Michael J Olek, DO, Ellen Mowry, MD, MCR. Pathogenesis and epidemiology of 

multiple sclerosis. https://www.uptodate.com/contents/pathogenesis-and-

epidemiology-of-multiple-sclerosis; 

5. https://www.aism.it; 

6. http://www.wendys-ms-site.com/mri2.gif; 

7. https://www.albanesi.it/wp-content/uploads/2014/02/sclerosi_multipla.jpg; 

8. F. Vecchio, F. Miraglia, C. Porcaro, C. Cottone, A. Cancelli, P.M. Rossini, F. 

Tecchio. Electroencephalography – Derived Sensory and Motor Network Topology 

in Multiple Sclerosis Fatigue. sagepub.com/journalsPermissions.nav DOI: 

10.1177/1545968316656055; 



82 
 

9. Michael J Olek. Diagnosis of multiple sclerosis in adults. 

https://www.uptodate.com/contents/diagnosis-of-multiple-sclerosis-in-adults; 

10. J. Chilcot, S. Norton, M. E. Kelly, R. Moss-Morris. The Chalder Fatigue 

Questionnaire is a valid and reliable of perceived fatigue severity in multiple 

sclerosis.  Multiple sclerosis journal 1-8 DOI: 10.1177/1352458515598019; 

11. https://www.msif.org/wp-content/uploads/2014/09/MS-in-focus-19-Fatigue-

Italian.pdf 

12. Multiple sclerosis council for clinical practice guidelines. Fatigue and multiple 

sclerosis: evidence-based management strategies for fatigue in multiple sclerosis. 

Washington, DC: Paralyzed Veterans of America; 1998; 

13. T. Chalder, G. Berelowitz, T. Pawlikowska, L.Watts, S. Wessely, D. Wright, E. P. 

Wallace. Development of a fatigue scale. Journal of Psychosomatic Research. Vol. 

37, No. 2, pp 147-153. 1993; 

14. http://lupuscorner.com/wpcontent/uploads/2016/11/FSS_Fatigue_Severity_Scale.pn

g; 

15. http://myelitetmoi.y.m.f.unblog.fr/files/2010/11/edss.jpg; 

16. Terao Y, Ugawa Y, Sakai K, Uesaka Y, Kohara N, Kanazawa I. Transcranial 

stimulation of the leg area of the motor cortex in humans. Acta Neurol Scand 1994; 

89:378–83. 

17. A. Di Sapio, A. Bertolotto, F. Melillo, F. Sperli, S. Malucchi, W. Troni. A new 

neurophysiological approach to assess central motor conduction damage to proximal 

and distal muscles of lower limbs. Clinical Neurophysiology 125 (2014) 133 – 141. 



83 
 

18. W. Troni, A. Di Sapio, E. Berra, S. Duca, A. Merola, F. Sperli. A methodological 

reappraisal of non-invasive high voltage electrical stimulation of lumbosacral nerve 

roots. Clinical Neurophysiology 2011; 122:2071-80; 

19. W. Troni, F. Melillo, A. Bertolotto, S. Malucchi, M. Capobianco, F. Sperli. Normative 

Values for Intertrial Variability of Motor responses to Nerve Root and Transcranial 

Stimulation: A Condition for Follow-Up Studies in Individual Subjects. PLoS ONE 

11(5): e0155268. DOI: 10.1371/journal.pone.0155268; 

20. F. Melillo, A. Di Sapio, S. Martire, M. Malentacchi, M. Matta, A. Bertolotto. 

Computerized posturography is more sensitive than clinical Romberg Test in 

detecting postural control impairment in minimally impaired Multiple Sclerosis 

patients. Multiple Sclerosis and related Disorders 14 (2017) 51-55; 

21. J. Gong, J. Lach, Y. Qi, M. D. Goldman. Causal Analysis of Inertial Body Sensors for 

Enhancing Gait Assessment Separability towards Multiple Sclerosis Diagnosis. 978-

1-4673-7201-5/15/$31.00 ©2015 IEEE; 

22. J.S. Fischer, R.A. Rudick, G.R. Cutter. The multiple Sclerosis Functional Composite 

Measures (MSFC): an integrated approach to MS clinical outcome assessment. 

National MS Society Clinical Outcomes Assessment Task Force. Multiple Sclerosis 

1999;5;244-250; 

23. X. Wang, M. Kyrarini, D. Ristic-Durrant, M. Spranger, A. Graser. Monitoring of Gait 

Performance Using Dynamic Time Warping on IMU – Sensor Data. 978-1-4673-

9172-6/16/$31.00 ©2016 IEEE; 

24. M. M. Engelhard, S. Raju Dandu, S. D. Patek, J. C. Lach, M. D. Goldman. 

Quantifying six-minute walk induced gait deterioration with inertial sensors in 

multiple sclerosis subjects. Gait & Posture 49 (2016) 340–345; 



84 
 

25. http://www.optogait.com/getattachment/Applicazioni/Gait-Analysis/gaitcycle3.jpg; 

26. N. V. Boulgouris, K. N. Plataniotis, D. Hatzinakos. Gait Recognition Using Dynamic 

Time Warping. 2004 IEEE 6th Workshop on Multimedia Signal Processing; 

27. https://content.byui.edu/file/a236934c-3c60-4fe9-90aa-

d343b3e3a640/1/module7/images/1012_Muscle_Twitch_Myogram.jpg; 

 

 

 



85 
 

Acknowledgements 

First of all, I would like to thank my supervisor, prof. Gabriella Olmo, for allowing me to 

participate in this work and for having had the patience to teach and accompany me during 

the thesis work, but above all for transmitting the desire to contribute, even if in small 

part, to something useful and interesting. 

In addition, I would like to express my gratitude to the team of the San Luigi Gonzaga 

University Hospital for let us work with them and build the project step by step, and for 

having had the patience and kindness to listen and explain to me. 

Thanks also to all those people who accompanied me during this important journey: first 

of all, those who gave me the opportunity to undertake and continue this adventure, my 

parents. I thank them for their constant support, for the freedom to follow my path and 

for never having judged me for my mistakes, but above all I thank them for helping me 

to grow through their professional and human example. 

My brother Andrea and Anna, because they taught me never to give up and even to risk 

to enjoy life to the end. 

Isidoro, for the support and patience proven in walking beside me, but above all to remind 

me every day of what I want to look for in my life. 

Maria Francesca, Sauro, Caterina, Mariangela and Francesco, for never making me miss 

their love, for having had the patience to always support me and for having taught me not 

to be afraid of being myself in all circumstances. 

Marilena, Domenico and Giorgia, my adventuring companions, without which I would 

never have been able to face all the challenges and to have so much fun. 

Elena, my first friendship in Turin, because she taught me to fight for what I love and the 

beauty of continuing to be amazed by life. 



86 
 

Elisabetta, Simona, Manuela, and all the "new friendships" as unexpected as fundamental, 

thanks to them these years have been certainly more intense and fun. 

Finally, I thank all the "old" friends, in particular Chiara, Ilaria, Laura and Giulia for 

accompanying me in this latest adventure helping to make it wonderful. 

I hope to be always on the road with people like that at my side, who wake me up and let 

me walk. 


		Politecnico di Torino
	2018-03-20T14:43:04+0000
	Politecnico di Torino
	Gabriella Olmo
	S




