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Summary

Movement is a coordinated activity between the musculoskeletal system and
the central nervous system. The hypothesis that the brain recruits blocks of
muscles instead of muscles individually to produce smoother and more effi-
cient movements has been studied since the 20th century under the name of

Muscular Synergies (MS).

Some advantages come by using MS over other techniques in the move-
ment description. First, MS reflects the motor control strategies directly from
the neural organization and not from musculoskeletal output. Second, MS re-
duces the complexity of EMG data making easier data analysis and interpreta-
tion. Third, MS allows a simultaneous analysis between all muscles activation
pattern and the performed task. Finally, MS can be used in both sportive and
clinical areas to improve the movement execution, or to better understand the

motor control in population with motor impairments.

Although MS have been studied in some neuro-motor pathologies as Post
Stroke, Alzheimer and Cerebral Palsy, no information was found in literature
concerning Down Syndrome (DS). Then, this project aims to calculate and
compare the MS between DS patients and a cohort of healthy subjects (CG)

during a level walking test.

To do so, the electromyographic signal (EMG) of eight lower limb muscles

were recorded bilaterally in a group of 11 DS patients and 10 age-matched CG



subjects during walking. Significant differences between height (p < 0.001),
BMI (p = 0.028) and mean walking velocity (p < 0.001) across the experimental
groups were obtained. Gait test was done using a BTS Bioengineering SMART-
DX 400 optoelectronic motion capture system. EMG recording was done us-
ing 8 bipolar Ag-AgCl BTS Bioengineering FreeEmg300 sensors at a sample
frequency of 1000 Hz. Ground reaction forces were obtained with two force

platforms positioned at the ground level following the walking direction.

The Davis protocol was used to define the biomechanical representation
of the body. Confidentiality and data manipulation were treated according to
Declaration of Helsinki and under the approval of IRCCS San Raffaele Pisana
hospital Ethics Committee. MS were calculated as the product of the muscular
activation or motor modules and the activation’s time-line or motor primitives

matrices using the Non-Negative Matrix Factorization (NMF) algorithm.

Between 3 and 5 walking trials were selected for DS patients and 5 walking
trials were recorded for CG group. Data of the first right heel contact and the
last right toe contact were collected to define the stance and the swing dura-
tion of the right strides. All right strides were segmented and concatenated
over time. The EMG was treated with high-pass filter (F, = 50 Hz) followed by
a full wave rectification and a low-pass 4th order Butterworth zero-phase filter
(Fc = 20 Hz). Finally, the EMG was normalized to the maximum amplitude

and correlated to all the segmented right strides (Santuz et al., 2018).

It was found that four synergies were enough to describe muscular activa-
tions during level walking, and the four synergies represented the same walk-
ing phases during the gait cycle in both experimental groups. The following
gait phases were identified: 1. the right heel strike (RHS), 2. the loading re-
sponse (LR) in DS and terminal stance (TS) in CG, 3. the propulsion (PP) and
4. the terminal swing (TSw). Nonetheless, differences in the time activation

patterns and in the muscle recruitment between DS and CG were calculated



using a Statistical Parametrical Mapping (SPM) test (alpha = 0.05).

In synergy 2, differences at the first 20% (p < 0.001) and between 60% and
80% (p = 0.038) of the stance phase were found between the two experimen-
tal groups. Likewise, primitives of synergy 4 were statistically different in the
range between 20% to 40% of the stance phase (p < 0.001). Statistical analysis
of the motor modules evidenced differences across DS and CG muscles in syn-
ergies 1, 2 and 4. Muscle co-contractions in both cohorts were also found in all

synergies specially in the upper-leg muscles.

In comparison with other studies in walking using MS, our results were ob-
tained using a bilateral electrode configuration. Potential advantages and lim-
itations were analysed concerning the implemented protocol. Improvements
in the gait phases identification using both limbs, and the possibility to anal-
yse coordination across the limbs were the most important advantages of this
project compared to other studies in walking using MS.

Promising results were obtained in this study. Our data were comparable
between DS and CG groups and with other studies in literature that used ipsi-

lateral electrode configuration with larger number of muscles by limb.






Sommario

Il movimento é un’attivita coordinata tra il sistema muscolo-scheletrico e il
sistema nervoso centrale. L’ipotesi che il cervello recluti blocchi di muscoli
anziché singoli muscoli individualmente per produrre movimenti piu fluidi
ed efficienti e stata studiata a partire dal XX secolo sotto il nome di Sinergie

muscolari (MS).

L’utilizzo delle MS comporta alcuni vantaggi rispetto ad altre tecniche nella
caratterizzazione del movimento. Innanzitutto, le MS derivano le strategie di
controllo motorio direttamente dall’organizzazione neurale e non dall’output
muscolo-scheletrico. In secondo luogo, le MS riducono la complessita dei dati
EMG facilitando I'analisi e I'interpretazione dei dati. In terzo luogo, le MS
consentono un’analisi simultanea tra tutti i modelli di attivazione dei muscoli
e I'attivita svolta. Infine, le MS possono essere impiegate in entrambe le aree
clinica e sportiva per migliorare I’esecuzione del movimento o per compren-

dere meglio il controllo motorio nella popolazione con disabilita motorie.

Sebbene la MS sia stata studiata in alcune patologie neuromuscolari come
Alzheimer, paralisi cerebrale ed ictus, non sono state trovate informazioni in
letteratura riguardanti la sindrome di Down (DS). Nella sindrome di Down
appare di interesse lo studio delle MS per meglio comprendere le strategie di
controlo motorio di questi pazienti. Quindi, I'obiettivo di questo progetto e
calcolare e confrontare la MS tra pazienti con DS e una coorte di soggetti sani

(CG) durante un test di analisi del cammino.

Vii



Per fare cio, il segnale elettromiografico (EMG) di otto muscoli degli arti
inferiori é stato registrato bilateralmente in un gruppo di 11 pazienti con DS
e 10 soggetti CG della stessa eta. Sono state ottenute differenze significative
tra altezza (p < 0.001), BMI (p = 0.028) e velocita di camminata media (p <
0.001) trai gruppi sperimentali. Il test del cammino é stato eseguito utilizzando
un sistema di acquisizione del movimento optoelettronico BTS Bioengineering
SMART-DX 400. La registrazione EMG é stata effettuata utilizzando 8 sensori
bipolari Ag-AgClI BTS Bioengineering FreeEmg300 a una frequenza di campi-
onamento di 1000 Hz. Le forze di reazione al suolo sono state ottenute con due
piattaforme di forza posizionate a livello del suolo seguendo la direzione di

marcia.

Il protocollo Davis é stato utilizzato per definire il modello biomeccanico
del corpo. La riservatezza e la manipolazione dei dati sono state trattate sec-
ondo la Dichiarazione di Helsinki e sotto I’'approvazione del Comitato Etico
dell’ospedale IRCCS San Raffaele Pisana. La MS e stata calcolata come il prodotto
tra le matrici di attivazione muscolare (motor modules) e la matrice che rappre-
senta il tempo di attivazione (motor primitives) utilizzando I’algoritmo di fat-

torizzazione NMF Non-Negative Matrix Factorization.

Sono stati registrati tra 3 e 5 prove di cammino per pazienti con DS e 5
prove di cammino per il gruppo CG. Sono stati raccolti i dati del primo con-
tatto del tallone destro e dell’ultimo contatto della punta del piede destro per
definire la posizione e la durata dell’oscillazione del passo destro. Tutti i passi
sono stati segmentati e concatenati nel tempo. L’EMG e stato trattato con fil-
tro passa-alto (F. = 50 Hz) seguito da una rettifica e da un filtro passa-basso
Butterworth di 4th ordine (F; = 20 Hz). Infine, TEMG e stato normalizzato alla
massima ampiezza e ricampionato su tutti i cicli del passo analizzati (Santuz
et al., 2018).



E stato scoperto che quattro sinergie sono suf cienti per descrivere il cam-
mino, inoltre le quattro sinergie rappresentano le stesse fasi del cammino du-
rante il ciclo del passo in entrambi i gruppi sperimentali. Sono state indivituate
le seguenti fasi: 1. l'atterraggio del piede destro (RHS), 2. la fase di apoggio
destro (LR) nel gruppo DS e la fase di apoggio terminale (TS) nel gruppo CG, 3.
la propulsione (PP) e 4. la fase di oscillazione terminale (TSw). Ad ogni modo,
le differenze nell'andamento di attivazione temporale e nel reclutamento mus-

colare tra DS e CG sono state calcolate utilizzando un test SPM (alfa = 0.05).

Per quanto riguarda la fase di appoggio, sono state riscontrate differenze
tra i due gruppi sperimentali nella sinergia 2 nel primo 20% (p < 0.001) etralil
60% e I'80% (p = 0.038). Allo stesso modo, i muscular primitives della sinergia
4 risultano statisticamente diversi nell'intervallo tra il 20% e il 40% della fase
di appoggio (p < 0.001). Usando l'analisi statistica e stato possibile mostrare
differenze nei muscoli reclutati nel motor modules tra i gruppi DS e CG nelle
sinergie 1, 2 e 4. Co-contrazioni muscolari sono state trovate in tutte le sin-
ergie, specialmente nei muscoli della parte superiore della gamba, in entrambe

le coorti.

Rispetto ad altri studi sul cammino che utilizzano le MS, i nostri risul-
tati sono stati ottenuti utilizzando una con gurazione di elettrodi bilaterale.
Potenziali vantaggi e limitazioni sono stati analizzati per quanto riguarda il
protocollo implementato. | vantaggi pi u importanti dell'utilizzo della MS nell’
analisi del cammino sono il miglioramento nell'identi cazione delle fasi del
passo utilizzando entrambi gli arti inferiori e la possibilit a di analizzare il co-

ordinamento tra i due arti.

Nel presente studio sono stati ottenuti risultati promettenti. | nostri dati
sono comparabili sia tra i soggetti DS e CG, sia con altri studi di letteratura in
Cui e stata utilizzata la con gurazione ipsilaterale con un numero maggiore di

elettrodi per arto.
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Chapter 1

Introduction

Since the last century, the great complexity that human movement stands for
has aroused the interest of many researches around the world. Going from
mathematics, engineering, biology to neuroscience, studies have been focused
on the physiological and mechanical description of motion, bringing about

many developments in clinical and sportive science.

Movement is produced together with muscle contraction. From the motor
cortex, electrical signals are red to the muscular bers via the motor units
(Bizzi and Flash, 2013). The electromyographic signal (EMG) measures the
level of polarization of the muscle membranes which produce the contraction
of the internal structure (Winter, 2009a). The sum of all motor units' action
potential (MUAP) in a muscle will determine its level of contraction and there-

fore, the amount of movement (Winter, 2009b).

According to Rajat et al. (2018), supported by previous studies (Safavy-
nia et al., 2011; Bizzi and Cheung, 2013), each muscle is represented by a single
force vector eld, and the sum of all force vectors elds of the muscles involved
in a speci c task will determine the nal position of the body segment (Singh
et al., 2018). Therefore, the amount of movement can be directly quanti ed

from the musculoskeletal system, reason why most of the research done in the
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area of motion analysis were focused on that system using bottom-up strate-

gies: take the nal output in the space to infer the initial input in the brain.

Using technologies as optoelectronic systems, inertial sensors, force plat-
forms, EMG sensors, among others (Simon, 2005; Whittle, 1996) nowadays is
possible to obtain reliable information about the kinematics, kinetics and the
muscular activity in healthy and pathological populations. A large variety of
tasks can be evaluated using the tools mentioned above as for example walking
via a Gait Analysis test (Whittle, 1996; Corsi et al., 2019). Those studies have
been used during the development of new orthopaedic systems, rehabilitation

therapies and improving the diagnosis and orthopaedic surgeries execution.

Nonetheless, many aspects about movement are still unknown. According
to the hierarchical organization established by N.A Bernstain, neurophysiolo-
gist of the 20th century, the musculoskeletal system is the last unit in the move-
ment organization (Bongaardt and Meijer, 2000). Thus, looking backward and
understanding how human motion is regulated at the brain level is required

to fully describe the movement.

As muscular contraction is regulated by the Central Nervous System (CNS),
and muscles govern movement production, it can be true that understanding
the strategies of muscular activation would allow to better describe the mech-
anisms of motor control at a neural level, replacing current bottom-top strate-
gies with a top-down approach.

Many theories had been proposed for several authors to approach this new
strategy. Bernstain, from a biological, neurological, mathematical and even
musical perspectives (Bongaardt and Meijer, 2000), studied the hypothesis of
"motor programs” instead of "action programs” as the physiological mecha-
nisms of human motion regulation. The idea that movement was governed by

re exes or organism-environment relationships was rejected by him using the



theory of motor organization.

Bernstain considered movement as a coordinated activity that uses groups
of muscles instead of individual muscle contributions to produce movement.
Human body is composed by hundreds of muscles that can be linearly com-
bined to produce a large range of movements. All these combinations deter-
mine the number of degrees of freedom that the brain have to deal with, sug-
gesting that all muscles could not be controlled independently. Instead they
should be grouped in a sort of "blocks” to reduce the dimension of the sys-
tem making possible a smooth and ef cient movement (Bongaardt and Meijer,
2000; Bizzi and Flash, 2013).

This hypothesis, known as Muscular Synergies (MS) is nowadays supported
by several authors (Bizzi and Cheung, 2013; Singh et al., 2018; Israely et al.,
2018; Tresch and Jarc, 2009; Safavynia et al., 2011), which experimentally demon-
strated the presence of those "blocks” of muscles in animals (Cheung et al.,
2005; Bizzi et al., 2008; Tresch et al., 1999) and humans (Santuz et al., 2018; Jan-
shen et al., 2017; Shuman et al., 2017; Li et al., 2013).

Different algorithms have been developed to analyse MS. Recent literature
suggests the implementation of a Non-Negative Matrix Factorization (NMF)
as it constricts data to be positive avoiding bias in the data interpretation (Is-
raely et al., 2018). Studies demonstrated that just few number of blocks are
necessary to describe a full movement (Bizzi et al., 2008), and the same blocks
are constant across individuals (Santuz et al., 2018; Shuman et al., 2018), in-
dicating that motor programs are strongly dependent on the performed task
(Bizzi and Cheung, 2013; Singh et al., 2018).
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Muscular synergies have been studied by several researchers in clinical and
sportive areas, mainly focusing on walking and running (Santuz et al., 2018;
Janshen et al., 2017; Santuz et al., 2017; Saito et al., 2018). On Clinics, litera-
ture reports studies in post-stroke (Cheung et al., 2009b, 2012; Tan et al., 2018),
Cerebral Palsy (Li et al., 2013; Shuman et al., 2018) and Parkinson's disease
(Allen et al., 2017) using ipsilateral and bilateral con gurations in both upper
and lower limbs. However, a lack of knowledge exists in many other patholo-
gies where motor impairments are presented, as is the case of Down Syndrome
(DS).

DS is a chromosomal alteration that affects cognitive and motor develop-
ment of a human being. Characteristics as hypotonia, ligament laxity, de-
creased muscular strength and short extremities, affect the development of
gross motor skills reducing mobility (Zago et al., 2019; Agiovlasitis et al., 2009).
During walking, Gait Analysis tests have demonstrated that the gait pattern
of DS population differs from the pattern of control group (CG) or normal-
developed subjects. Therefore, it can be assumed that the synergistic coordi-

nation of muscles is also altered.

As MS analysis has demonstrated its reliability in the study of motor con-
trol and DS is a disorder that affects the motor performance, the motivation of
this study is to obtain quantitative information about motor control in DS dur-
ing walking to identify when and where new rehabilitation treatments could

be focused to improve their mobility.

To do so, the muscular synergies of 11 DS patients were calculated during
a gait test using 8 EMG channels on the lower limb. Bilateral con guration for
electrode-placement was chosen to evaluate coordination between right and
left limbs. Additionally, to identify and quantify the in uence of the pathol-
ogy during walking, the MS of DS population were compared with the MS of
10 CG subjects using the same data acquisition protocol.



1.1. Objectives S

Applications of this study involves many aspects on the clinical area. Results
will help to happen why gait on DS population is altered and which are ex-
actly the mechanisms that this population use for walking. Then, this study
will enrich the current knowledge on DS pathology in order to develop new

tools improving their quality of life.

This thesis was developed in collaboration with University of Berlin - Hum-
boldt with data acquired by IRCCS San Raffaele Gait analysis Laboratory in
Rome and it is composed by ve chapters. The rst chapter presents funda-
mental information about DS pathology and the MS method. Detailed infor-
mation about the protocols for data acquisition, data processing and muscular
synergies calculation can be found on the second chapter. Then, results and
discussion of MS on both DS and CG are presented on the third and fourth
chapters. In the last chapter, the conclusions and the future improvement and

applications of this work can be found.

1.1 Objectives

To assess bilateral muscular synergies during gait in Down Syndrome and one
healthy cohort using a cross-sectional case study. To do so, the development
of two systems, one to extract and concatenate all right strides with the EMG

signal, and other to perform the NMF factorization algorithm, were required.






Chapter 2

State of the art

2.1 Muscular Synergies

MS have been introduced as a quantitative tool to describe the neural motor

control of the musculoskeletal system (Cheung et al., 2005). The hundreds of
muscles and joints that compose the human body create an extensive number
of degrees of freedom which the CNS has to coordinate to generate movement
(Santuz et al., 2018). MS reduces the dimensionality of the system arguing that
the brain activates blocks of muscles instead of single muscle to produce move-
ment (Bizzi et al., 2008).

Many authors worldwide have supported this hypothesis from the 20th
century (Bongaardt and Meijer, 2000) to date (Cheung et al., 2005; Bizzi and
Cheung, 2013; Santuz et al., 2018; Bizzi et al., 2008). The presence of blocks
was evaluated on animals using chemical, electrical and mechanical stimula-
tion. Each time that the spinal cord (SC) was stimulated in a speci c area,
the limb was constantly placed at the same point on the 3D space (Bizzi et al.,
2008).

One possible explanation of this phenomena is that the CNS via the SC gen-
erates different force elds that characterize the movement, then movement is
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Figure 2.1: Movement production circuitry. From the CNS to the limb displacement. Reprinted from A
Systematic Review on Muscle Synergies: From Building Blocks of Motor Behaviour to a Neurorehabilitation
Tool, (Singh et al., 2018)

assumed as a sum of vectors elds in a speci ¢ limb (Cheung et al., 2005; Is-
raely et al., 2018; Singh et al., 2018; Bizzi et al., 2008). The experiments were
consistent to nd the same outputs from constant inputs, proving the existence

of an elaborated modular control on the SC.

Movement can be governed by involuntary re exes or voluntary commands,
the latter originated by the superior centres and descending through the SC
up to the motor neurons in the muscles (Safavynia et al., 2011; Cheung et al.,
2009a). MS are focused on how the motor neurons are stimulated to generate
muscle contraction, so how the commands from the CNS follow an activation
pattern.
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In Fig.2.1, it is shown the movement production circuitry from the CNS to
the muscles. Information from the CNS at the brain level descends through the
SC to the muscles. Different time-dependent units C collects a combination of
task-dependent blocks W to create motor pools with information of both du-
ration and intensity muscle contraction that are sent to the muscles to produce
the movement.

The fundamental question now is how this motor pools are selected. Sev-
eral studies on neuroscience agree that the SC is composed by networks of
spinal neurons, also called Central Pattern Generators (CPG) (Guertin, 2013).
The CPG are a sort of "default” mechanism of motor control that produce
movement without sensory feedback information (Marder and Bucher, 2001).
Basic rhythmic and coordinated movements including walking and swimming
are controlled by CPG also is absence of descending and peripheral inputs
(Guertin, 2013). These primitive movements had been suggested to trigger the
MS (Singh et al., 2018) then CPG impulses may be the responsible of the mod-
ular control of the motor pools.

To assess the MS using computerized algorithms will help understanding
the fundamentals of the linear combinations that de ne the motor pools. Be-
cause MS work to decrease the number of degrees of freedom of the human
body, all algorithms are based on factorization principles that linearly combine
muscle activation over time. Detailed information about how this calculation
is done are presented below.
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2.1.1 Mathematical approximation

Different methods have been evaluated for the calculation of MS. Some of them
are the Principal Component Analysis (PCA), the Independent Component
Analysis (ICA), and the Non-Negative Matrix Factorization (NMF) (Bizzi et al.,

2008; Israely et al., 2018). All the cited algorithms were tested on different stud-
ies in animals and humans. No differences on the number of synergies were
obtained, proving that all of them are able to reconstruct the same movement
(Cappellini et al., 2006). Nonetheless, the factorization principle changed the

nature of the data output creating challenges in data interpretation.

The NMF is nowadays the gold standard in MS calculation (Singh et al.,
2018). The reason is that it constricts data to be positive, avoiding inhibitory
actions of the spinal circuitry (Singh et al., 2018). As the input, the NMF re-
ceives the Itered EMG of each muscle and speci ¢ spatio-temporal informa-
tion about the performed task. In the particular case of walking, information
concerning the beginning of the stride (RHS) and the stance duration is re-

quired for all the available cycles.

The ef cacy of the NMF depends on the amount of "redundancies” pro-
vided (Israely et al., 2018). Carrying on with walking, it is expected that the
same subject generates a constant pattern during all the performed cycles.
Thus, repetitive information of the strides time, the stance duration, and the
muscles activity have to be collected. As more cycles recorded, more redun-
dancies will feed the NMF and more reliable conclusions will be approached
about subject's motor control.

Two matrices represent the output of the NMF: the motor modules W [mxr]
and the motor primitives H [rxn] where m is the number of muscles, r the min-
imum number of synergies and n the number of points times the number of
gait cycles.W represents the level of contribution of each muscle during the
cycle. Each muscle is represented by a chart bar. Higher height means higher
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contribution and vice-versa.

W matrix is time-independent, then it is not possible to directly nd a corre-
spondence to any speci c gait cycle phase. In contrast, H is a time-dependent
matrix that evidence the periods of W muscles activation. Primitives are rep-
resented by a continuous time-line along the cycle duration. H amplitude
changes depending on the periods where muscles are activated. Higher am-
plitudes on H means that at that time of the cycle, the muscles are strongly
activated in the pattern described by W. Zero amplitude means that no muscle
activation is present.

H and W are calculated according to Eq.2.1 and Eq.2.2 respectively. Matrix
V [mxn] is the original matrix that represents the movement. Parameter "i”
represents the actual iteration and "T” the transposed matrix. What the NMF
searches for is to reconstructH and W from V, in a way that the product of this

two matrices gives a reconstructed matrix Vg that approximates V (Eq.2.3).

;
Hi+1= H MY (2.1)
W.TW;H;
!
V (Hi+1)"
Wiy = wy v (1) 22)
WiHi+1 Hi
V. Vg= WH (2.3)

Some parameters are de ned before starting the NMF in order to constrict
the factorization process. The maximum number of iterations for the NMF to
reconstruct Vg from W and H is de ned. Also, there are de ned the minimum
and the maximum number of synergies required to reconstruct the movement.

In all scenarios, the maximum number of synergies must be lower than the
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number of EMG channels recorded to ensure a reduction in the number of de-
grees of freedom. Finally, a target correlation coef cient between Vg and V is

xed.

The reconstruction process is carried out in an iterative way. Prior to the
rst iteration, matrices H and W are initialized, and matrix V is constructed
using EMG data of each muscle (rows) and spatio-temporal parameters of the
performed task (columns). The initial VR is calculated as the product between
W and H. From the rst iteration until the end of the factorization, the recon-
struction of Vg will follow the Eqg.2.1, Eq.2.2 and Eq.2.3. After each iteration,
a comparison between V and VR is done. When the correlation coef cient be-
tween the previous and the current iteration does not exceed a certain value
(usually 0.01 (Santuz et al., 2018)), it means that no better reconstruction ofVg
can be assessed s&l and W are obtained.

The relationship between the number of synergies and the correlation co-
ef cient indicates the minimum number of synergies able to reconstruct the
movement. Vincent and colleagues (2005) evidenced how the quality of the
reconstruction behaves along the iterations. When the number of MS is initial-

ized at 1, the R? reaches its minimum.

As the number of iterations increases, both the number of MS and the R?
increases following a non-linear relationship. When this relationship becomes
linear, that means that Vg reconstruction does not improve signi cantly with
the increment of MS. Then, the MS at the beginning of the linear pattern is con-
sidered as the minimum MS able to reconstruct the movement (Cheung et al.,
2005).

It is important to remark that there is not a speci ¢ number of synergies
to reach. This number depends on the number of electrodes, the muscles
recorded and the quality of the subject's motor program (Banks et al., 2017).
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For example, if for 8 EMG muscles there are 8 MS, each MS represents one
muscle meaning that each muscle is activated 100% independently from the
others. In contrast, if for the same 8 muscles there is 1 MS, is the same as com-

pute V matrix so no factorization is done.

To better understand the concept of MS, an example obtained during a Gait
test is presented in Fig.2.2. Eight muscles were evaluated bilaterally for this
subject, each one represented by a chart bar on W. The gait cycle was interpo-
lated into 200 points, the initial 100 for the stance (around 60% of the gait cycle)
and the last 100 for the swing phase (100% of the gait cycle). Zero point repre-
sents the rst heel contact, 200 points the following heel contact, so between 0O
and 200 one stride is represented.

Figure 2.2: Graphic representation of the motor primitives (H) and the motor modules (W) during walking.
This synergy represents the right heel strike. In H, axis X: number of points that refers to a right leg stride.
First 100 points represents the stance while the last 100 points represents the swing. Y: muscle activation
time-line. In W: axis X: muscles. Y: muscle activation intensity.

In Fig.2.2 H pattern describes an activation during the rst 15% of the gait
cycle and after the 60% and until the end. The muscles which presented a
higher activation on W are the muscles which had an activation period as the
primitive describes. Then, muscles TAgr and GL, followed by GLg and RF_,

are the main activated muscles. In the literature the activation of right dorsi-
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exors (TA) and left plantar- exors (GL) at the beginning and during the swing
phase is associated the RHS (Benedetti et al., 2012; Bonnefoy-Mazure and Ar-
mand, 2015), so the MS presented in Fig.2.2 represents this gait phase as it is

shown at the right side of the gure.

2.2 Muscular synergies in clinics

Applicability of MS involves many areas of knowledge including the clinics.
As MS strategy aims to understand the modular organization directly from the
neural circuitry, but this approach is still new in the movement analysis eld,
the rst application of MS is the enrichment of literature allowing to answer

why and how movements are performed in a certain way.

First, this information brings in a large list of advantages specially in clin-
ics. A better understanding of the pathology promotes the development of
new rehabilitation treatments focused on the speci ¢ requirements of the pa-
tient improving their quality of life. Also, MS can allow to understand the
compensatory movements and how they are evidenced in the modular orga-

nization of muscle activation.

Second, the complexity of the musculoskeletal system is reduced by the
MS in few blocks of muscles and activation's time-lines. Thus, MS analysis is
a tool that simpli es data manipulation and data processing of EMG record-
ing that usually is composed by large dataset challenging to interpret. Studies
of pathological populations had been reported in post-stroke (Cheung et al.,
2009b, 2012; Tan et al., 2018), cerebral palsy (Li et al., 2013; Shuman et al., 2018)
and parkinson's disease (Allen et al., 2017) nding important results about

limbs coordination and motor performance.

However, no information was found in the literature concerning Down
Syndrome pathology. Due to the higher incidence of pregnancies with DS re-
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ported in the recent years in Europe (Glivetic et al., 2015) and in the rest of the
world (Girirajan, 2009; Crane and Morris, 2006), and due to both the neuro-
logical and motor implications that this pathology involves, a deeper under-
standing of their motor strategies can improve gait performance and in turn

the quality of life.
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2.3 Down Syndrome

Down Syndrome is a genetic alteration characterized by an extra copy on chro-
mosome 21. When normal developed subjects have 46 chromosomes, 23 from
the mother and 23 from the father, DS population present 47 chromosomes in
their genotype. This trisomy is produced by one of the three following mecha-
nisms: the non-disjunction of chromosome 21, the Robertsonian translocation,
and the mosaicism, with an incidence of 92-95%, 3.6% and 2.3% respectively
(Kusre et al., 2016).

This alteration can occur during both the cellular duplication in the mother
(oogenesis) or the cellular duplication in the father (spermatogenesis) (Kusre
et al., 2016). Although the reasons why this anomaly happens are still uncer-
tain, several studies agrees on the fact that the maternal age is related with
the incidence of DS pregnancies (Wu and Morris, 2013; Girirajan, 2009; Crane
and Morris, 2006) ranged between 31 to 35 years old the critical age where the
probabilities of having a children with DS increase signi cantly.

The rst person to describe the DS pathology was John Langdon Down
in 1866. He qualitatively described DS population as members of the same
family due to their physical similarities (Ward, 1999; Girirajan, 2009). Physical
characterization of patients with DS was mainly focused on the face. It was
described as at and broad, without important prominences. In comparison
with normally developed population, DS were described with more oblique
and more distant eyes, smaller nose, laterally extended cheeks, and larger and
thicker lips (Ward, 1999; Girirajan, 2009).

DS has been widely studied in the eld of physical rehabilitation to iden-
tify the relationship between motor characteristics and the impairment of mo-
tor performance (Cimolin et al., 2010). Nowadays quantitative information
describes DS mainly in terms of their motor performance and their cognitive
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skills. Several authors have been reported valuable information about motor
performance in DS using a Gait analysis test (GA) (Zago et al., 2019; Agiovla-
sitis et al., 2009; Galli et al., 2008; Cimolin et al., 2010; Gallietal., 2013; Pau et al.,
2018), while others have evaluated the neurological development using multi-
tasking protocols (Horvat et al., 2016; Galli et al., 2010; Horvat et al., 2013) and
Intelligence Quotient (IQ) classi cation (M égarbané et al., 2013; Rachidi and
Lopes, 2008).

Quantitative measuring of the walking patterns are obtained via the GA
test where the kinematics, the kinetics and the EMG signal of multiple muscles
are evaluated simultaneously (Whittle, 1996). Mainly in clinics, GA have been
used as a fundamental tool in the diagnosis, decision making and orthopaedic
surgery planning and execution (Simon, 2005). The most important ndings
concerning DS pathology in terms of both their motor and cognitive impair-

ment are described below.

2.3.1 Cognitive de ciencies

Decreased cognitive skills affects the ability to learn and to execute properly
the movements in DS population (Horvat et al., 2013). Although there is no
a clear argument to justify delayed neuronal development in DS, some points

have been reviewed from the literature to happens this fact.

1. The hinders to process and use relevant information of the environment
impede the ability to react in case of environmental changes (Horvat

et al., 2016) or to easily modify the performed movement;

2. Delayed neural development can be a consequence of a lack of both sen-
sory integration and connectivity in the brain. DS population present
lower myelination of the neuronal axons and abnormal brain symmetry
patterns (Horvat et al., 2016; Galli et al., 2008), hypoplasia and proprio-
ceptive and vestibular dif culties (Zago et al., 2019) that make dif cult

motor performance;
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3. Memory retrieval is also impaired in DS pathology (Horvat et al., 2016).
Learning from old movement is more dif cult in DS than in healthy sub-
jects, phenomena that tents to be stronger with age (Rachidi and Lopes,
2008);

4. 1Q in DS ranges between 30 to 70 (Megarbané et al., 2013; Rachidi and
Lopes, 2008) meaning a moderate and mild intellectual disability (Vimer-
cati, 2011-2013). This parameter is often used to quantify the level of "in-
telligence” but in DS can be used to quantify the ability of improving
motor control.

Nonetheless, brain maturations do occur in DS subjects, suggesting that
there is an intrinsic ability to improve verbal comprehension, perceptual or-
ganization, attention and behavioural inhibition (Vimercati, 2011-2013). Thus,
motor behaviour via cognitive engagement could enhance movement perfor-
mance but in a longer period compared to healthy subjects (Horvat et al., 2016).

2.3.2 Motor de ciencies

Performance of DS population have been extensively studied using a large
range of tasks as walking (Agiovlasitis et al., 2009; Cimolin et al., 2010; Galli
etal., 2013; Pau et al., 2018), gait initiation (Corsi et al., 2019), posture kinemat-
ics (Zago et al., 2019; Galli et al., 2010) among others. Quantitative measuring
of the walking patterns evidenced a large set of similarities and differences in
comparison with healthy population.

Motor abnormalities generates an abnormal postural control, which pro-
duces instability and an impaired gait pattern, with an increased energy ex-
penditure and reduced motor performance (Galli et al., 2008). Compared to a
normally developed subjects, DS patients present a reduced walking veloc-
ity, lesser stability during single-support phases, prolonged stance periods,
shorter step length, and higher step width (Corsi et al., 2019; Zago et al., 2019;
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Agiovlasitis et al., 2009). Also, DS patients present greater hip exion through-
out the entire gait cycle, higher knee exion during the stance phase and lim-

ited range of motion of the ankle at initial contact (Rigoldi et al., 2009, 2010).

The previous gait patterns are in uenced by the intrinsic characteristics
of the pathology as hypotonia, decreased muscular strength, simultaneous
agonist-antagonist muscle contraction, ligament laxity, and short extremities
(Horvat et al., 2013).

The majority of the kinematics alterations involves changes in the normal
range of motion of different joints in both lower and upper limbs (Zago et al.,
2019; Pau et al., 2018) and in all frontal, sagittal and horizontal planes. These
alterations are the consequence of the intrinsic characteristics of DS mentioned
above, which report: i) limited hip and knee ranges of motion, ii) higher pelvis
tilt and knee exion-extension in the sagittal plane and iii) excessive external
rotation of the hip, the lower leg and the foot in the horizontal plane (Zago
etal., 2019).

Decreased values in moment and power generation at the ankle joint were
also reviewed in the study conducted by Galli and colleagues (2008). They
suggested that this functional weakness is produced by the joint laxity and

muscle hypotonia.

These alterations together suggest a particular mechanism of control that
DS applies to increase stability. Reduced step length decreases the single-
support phase (which is more challenging that the double support) but gener-
ates alterations at the kinematic level (Pau et al., 2018). Likewise, reduced step
length can also explain the muscle co-contraction in this population. When
changes between single and double support are presented, increased stability
of the muscles are required to block joints avoiding falling (Galli et al., 2010;
Horvat et al., 2013). However, further studies regarding the EMG signal in DS
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are suggested due to they are not suf ciently analyzed yet.

The base of support can also be improved by the increment in the step
width providing more stability to the patients (Zago et al., 2019). Thus, this
information suggest that DS has different motor goals than CG subjects due
to DS weight more stability than energetic cost reduction, higher velocities

and/or smoother movement production.



Chapter 3

Methods

In this chapter, detailed information on the participants, data collection, data
processing and data analysis of muscular synergies calculation is presented.
EMG data was recorded during walking on eight lower limb muscles. Each
muscular activation was obtained for every right stride and concatenated over
time. A factorization algorithm used this muscular activation together with
some spatio-temporal parameters of the gait to reconstruct the movement pat-
tern. The minimum number of motor modules and motor primitives was cal-

culated for every subject.

3.1 Participants

A group of Down Syndrome patients and a age-matched group of healthy Con-
trols were analysed during a gait test. Electromyography and spatio-temporal
data of DS patients were compared with the data of CG in order to analyse the

difference of the modular organization of muscular activation during gait.

The inclusion criteria for patients were: being diagnosed pure trisomy 21
chromosome abnormality, no clinical sign of dementia, and no previous surgery.
For the control group, the individuals had to be volunteers, without any patho-
logical psychomotor diagnosis or muscular injury in the 6-months preceding
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Group n Sex[M:F] Age[year§ Height[cm] Mass[kg BMI[kg m?]

DS 11 74 257 113 147.7 82 615 114 281 36
CG 10 55 242 28 1704 114 717 176 244 35

Table 3.1: Demographics of Down Syndrome and Control cohorts.

the test. All the participants were asked to understand and perform the gait

test independently, i.e. without walking supports.

Gait of 11 DS patients and 10 control subjects were collected and analysed.
Information concerning the sample distribution and the physical characteris-

tics of all the participants is presented in Tab. 3.1.

3.2 Data Collection

Data of spatio-temporal parameters, kinetics, kinematics and electromyogra-
phy were collected during a gait test. Recordings were done using a BTS Bio-
engineering SMART-DX 400 optoelectronic motion capture system (BTS SPA,
Italy). Ground reaction forces were obtained with two force platforms from the
Advanced Mechanical Technology, INC (AMTI, USA) positioned at the ground

level following the walking direction.

For the DS population, data was provided by IRCCS San Raffaele Pisana
hospital (Rome, Italy). For the control group, data collection was performed in
Movement Analysis Laboratory at Politecnico di Milano. Con dentiality and
data manipulation were treated according to Declaration of Helsinki and un-
der the approval of the hospital's Ethics Committee.
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Figure 3.1: Biomechanical representation of the body using a stick model during standing (left) and walking
(right). Magenta arrows indicates the ground reaction forces on the force platform.

Calibration of the motion capture system was done before every session. It
was performed following manufacturer's speci cations to ensure the record-
ing of all the body markers in the control volume, and to made comparable
and reliable the acquired data. The global reference frame, the position of the
two force platforms over the walkway and the acquisition volume were spec-

i ed for the software following BTS SMART Clinic (BTS SPA, IT) requirements.

Anthropometric measurements and marker placement were done follow-
ing a standard Davis Protocol (Davis et al., 1991). Information about the sub-
ject's weight and height was collected using a stadiometer, measuring tapes
and written questionnaires. Measurements of knee and ankle diameters and
the pelvis length were done using a caliper with a resolution of 0.1 cm. 22 pas-
sive re ective markers were placed on speci ¢ anatomical positions directly on
the subject's skin for the reconstruction of the human body. The identi cation

of each anatomical point were done according to Davis protocol speci cations.

Surface EMG data from tibialis anterior (TA), gastrocnemius lateralis (GL),
rectus femoris (RF) and biceps femoris (BF) muscles were recorded with 8 BTS
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Bioengineering FreeEmg300 sensors (FREEMG, BTS SPA, Italy) at a sample
frequency of 1000 Hz. Electrodes were made by Ag-AgCl and used a bipolar
con guration. Skin preparation and electrode placement were done following
SENIAM project speci cations (Stegeman and Hermens, 2007).

Data acquisition was done in two steps. First, a standing test of no more
than 10 seconds was recorded. This step was done in order to capture all the
22 body markers and reconstruct virtual points to then obtain kinematics in-

formation.

The subsequent step was the actual gait test. For this, the participant was
asked to walk forward from an initial standpoint to the end of the walkway.
During the process, the participant had to walk above the force platforms mak-
ing sure that the entire foot was inside one platform. In order not to create
changes in the normal walking pattern, the veri cation of this task was done
by the clinicians and not by the subject. In case of an inadequate steeping, the

position of the starting point was adjusted.

The representation of the biomechanical model of the body during the stand-
ing and walking tasks are shown in Fig. 3.1. Since step length in Controls was
on average longer than in DS, it was necessary to include a higher number
of trials for CG in order to achieve the greatest number of strides. While the
number of walking trials of DS patients oscillated from 3 to 5, for the CG there

were constant and equal to 5.

3.3 Data Processing

Data processing was developed in three phases: Gait cycle segmentation, EMG

signal processing and Muscular Synergies calculation.
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3.3.1 Gait segmentation

Gait segmentation consisted in the division of all walking trials in right cycles
and its posterior concatenation in time. The aim was to create a single walking
recording with the longest amount of right steps to ensure repeatability of the

data.

The rst task consisted on the identi cation of the event sequences. To do
so, the software SMART Clinic was used. Each subject's data was loaded to the
program database with the respective stance and walking tests. A veri cation
of the reconstructed biomechanical model was done to detect missing markers

and undesirable markers' movements.

The next phase allowed for event sequences identi cation. For both legs,
heel strikes and toe offs were located across all walking tests. Heel strikes were
selected when the marker which represents the heel made a contact with the
ground. Instead, the toe off was the last contact between the marker which rep-
resents the toe and the ground. Finally, data was saved and exported to Matlab
software (The MathWorks Inc, Natick, USA). The second task consisted in the
development of a tool which allows to manage the data of patients and Con-

trols. Some scripts were developed with the following functions:
Import data

This script took les from SMART Clinic and converted into a .mat les.
The process was automated to read folders matched by name.

Stride segmentation
Once the event sequences and the EMG data were imported, all walking

tests were divided into right strides. One stride corresponded to the period
between two consecutive right heel strikes. The process was applied to all the
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walking tests of each participant. In addition, the EMG signal of the 8 channels

was associated to the stride period.

Figure 3.2: Stride concatenation on time for W1, W2, W3 walking tests. Wc represents the concatenated
walking test over time. Yellow strides mean the overlap between the last stride on W(i) and the rst stride on
W(i+1).

Data concatenation

The purpose was to obtain an unique recording for each subject that com-
bine the different right strides previously identi ed. The time in which each
right heel strike (RHS) and each right toe off (RTO) took place were saved
in two different vectors. First, all empty spaces were identi ed and deleted.

Then, two conditions were applied to create the concatenated vector:

The walking test must start with a RHS. To do so, if the rst event was a
RTO, the vector of RTO was replaced by RTO from the second position
to the full stop;

No incomplete strides were taken in consideration for the concatenated

record. It means, all strides must start and end with a right heel strike.
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To this end, if the number of RHS is higher than the number of RTO, the
vector RHS was replaced with a new vector of RHS removing the last
event. If the number of RHS and RTO were the same, both vectors were

modi ed deleting the last event.

The rst right heels strike was associated with zero time. The following
stride starts immediately at the end of the previous cycle. The duration of the
concatenated walking test is the sum of each stride's duration (see Fig.3.2).
At the end, concatenated time series for each subject, the stance duration of
the corresponding stride and the segmented EMG data of the 8 muscles were

stored in a Matlab structure.

Results con rmation

This script was written in order to test the results of the time concatenation.
The segmented EMG signals were plotted together with vertical lines that in-
dicates the beginning of a right stride. It was checked whether: there were
EMG signals on the stride window, the distance between lines were almost the
same, and the number of vertical lines corresponded to the number of right

strides exported from SMART software.

An example of such test it is shown in Fig.3.3. On this subject, 14 steps were
identi ed, each one starting from a vertical red line. Activation of TA was plot-
ted, sharing a higher activation at the beginning and after the half of the right

stride. That activation pattern was registered over all the reported strides.

Itis important to mention that for this type of plots, the stride segmentation
did not end with a RHS de nition due to there were plotted the strides from
the heel strike and over the duration of the stride. As the last stride showed
was the last stride identi ed in all the walking trials, there was not a following
RHS with stance and swing information to be inserted.
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Figure 3.3: Gait segmentation and concatenation. Raw electromyographic signal of TA muscle across right
strides. Vertical lines represent the identi ed RHS. Axis X: time duration of the concatenated walking test. Y:
muscle activation intensity.

3.3.2 Electromyographic signal processing

Using software R (v.3.6.1, R Found for Stat. Comp.), the EMG associated to
each right cycle was ltered to avoid skin-electrode interface, movement arte-
facts, electrical and magnetic coupling elds, and other possible endogenous

noises.

The EMG was treated with high-pass Iter at a cut-off frequency of 50 Hz
followed by a full wave recti cation and a low-pass 4th order Butterworth
zero-phase lter at a cut-off frequency of 20 Hz. The Itered signal was nor-
malized according to the higher EMG amplitude, creating an activation range
from O to 1. This normalization was chosen because it is not suggested to use
the maximal voluntary contraction in people with neuromuscular impairment
due to i) the challenge that reach the true "maximum?” force represents, and
i) the risk that a possible injury occurs during the test (Subramaniyam et al.,
2012; Hahn, 2018).
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Figure 3.4: Filtered, recti ed and normalized EMG signal of TA muscle. Vertical lines represent the RHS
identi ed during the walking trials. Axis X: number or right strides; Y: normalized magnitude of muscle
activation.

At the end of this process, a Itered, smoothed EMG signal was obtained
for each right stride for each participant. The rst stride was removed to avoid
disturbances in the gait pattern for the initiation of the walking. The time
course of each activation was normalized across the subjects to avoid bias in
the interpretation of the results. Each stride was normalized into 200 points,
100 to the stance and the latest 100 to the swing phase.

In Fig.3.4, it is possible to see the an example of the Itering process, where
the raw EMG data were the one presented in Fig.3.3. Similarly, each RHS is
represented by vertical red lines giving a total right strides equal to 13. Also,
it was proved that the intensity of the raw signal described before truly corre-

sponded to a muscle activation and not to a noise contribution.

Then, a time interpolation and the calculation of the mean activation pat-
tern were obtained for each patient. The gait cycle (originally from 0 to 100%)
was interpolated into 200 points: 100 for the stance phase and 100 for the swing
phase. The average of the muscle activation across all the concatenated right
strides was obtained and plotted as it is shown in Fig.3.5. This output corre-
sponds to the mean muscle activation pattern of TA muscle showed in Fig.3.3.
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Figure 3.5: Average of the muscular activation pattern during 13 right steps. Axis X: number of points (100
stance, 100 swing); Y: maximum lItered and normalized muscular activation.

3.4 Muscular synergies calculation

To assess the muscular synergies, a modi ed version of the scripts developed
by Humboldt - University of Berlin on R software Santuz et al. (2018) was used.
This code was composed by four scripts and two main functions. The rsttwo
scripts were used for i) the data transfer from Matlab to R of the raw EMG and
the contact times data, and ii) the ltering and the interpolation of the EMG
signal (explained on subsection 3.3.2). The latest two scripts were dedicated to

the synergies calculation as follows:
Synergies calculation

This script receive the Itered EMG signal and the contact times as an input
and generate two matrices as an output: the motor modules W and the motor
primitives H. This calculation was driven by one of the developed functions
in which was implemented a Non-Negative Matrix Factorization (NMF) algo-

rithm.

The factorization process was carried out in an iterative way. On zero itera-

tion, random values in the range (0,1] with normal distribution were attributed
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to both H and W matrices. It was xed a minimum and a maximum number
of synergies from which the reconstruction stars and ends respectively. 10 it-
erations were evaluated for each number of synergies and a maximum of 1000
iterations were computed. The reconstructed matrix Vg was compared to V on
each iteration until reaching the convergence threshold. When the correlation
coef cient R? demonstrated stability in at least 20 consecutively iterations, it
meant that no better reconstruction of Vi could be assessed stH and W were
obtained.

Reconstruction of factorization matrices and computation of Vg were done
according to the equations mentioned on chapter 2, section 2.1 using the fol-
lowing parameters:

The minimum number of synergies was equal to 1. The maximum num-
ber of synergies (MSnax) Was calculated according to the Eq.3.1, where
m is the number of muscles evaluated. In this project, 8 muscles were
used so the MS,ax was equal to 6.

MSmax= m

N3

(3.1)

The R? target was xed as 0.01. If for 20 consecutive iterations the differ-
ence between theR? of V and Vg was equal or lower than this value, the
NMF was stopped. The number of synergies at which this criterion was
ful lled was assigned as the minimum number of synergies that recon-

struct the movement.

Synergies order

Once the synergies were calculated for each person, it was necessary to la-
bel them with a correspondent walking phase. Using a user interface, there
were imported the W and H matrices and plotted them together. It was asked
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to the user to enumerate the synergies from 1 to MS,ax Using a time-sequence
criterion: the synergy that happens rst on the gait cycle was labelled as 1, the
second with 2 and so on. When all subjects were processed, the average of
all motor primitives and motor modules pattern was displayed in the corre-

sponding sequence.

A nal normalization of the H matrix was done. An amplitude ranges from
0 to 1 was created using a low-pass 4th order Butterworth zero-phase Iter

with a cut-off frequency of 50 Hz.

3.5 Statistical analysis

Differences in anthropometrics and gait speed between groups were tested us-
ing unpaired Student's t-tests. Further, after having tested distribution nor-
mality, any difference between muscular activation in motor modules were

assessed using non-parametric Mann-Whitney rank sum tests.

Data of H matrix was imported from R to Matlab software for both DS and
CG. Each person's time course was plotted in a same gure. The mean and
standard deviations of H were calculated and the comparison was performed
point by point. All signi cant differences between the two shapes were iden-

ti ed and quanti ed.

An unpaired test (alpha = 0.05) was used to compare DS and CG mo-
tor primitives in a hierarchical manner using statistical parametrical mapping
(SPM) —the open sourceSPM1D implemented in Matlab software. This test in-
dicates the probability with which differences between time series could have
been produced by a random eld process with the same temporal smoothness.

Normality in data were checked before the computation.
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Results

In this chapter, the output of data collection and data processing is presented.
Additionally, the fundamental components of the bilateral MS, the motor mod-
ules and the motor primitives are shown. Differences between DS and the CG
were described in terms of the gait pattern, the muscular activation and the
activation pro le. Likewise, statistical differences were observed in two of the
fourth calculated muscular synergies which took place at the beginning of the

cycle.

4.1 Gaittest

BMI in DS group was 3.7 kg/ m? higher (p = 0.028), the mean height was 22.7
cmlower (p < 0.001), and the mean velocity was 0.7m/ slower (p < 0.001) in
comparison to the Controls (see Tab.3.1 and Tab.4.1-4.2). The number of right
strides and the time duration of the concatenated walking test changed be-
tween the two experimental groups and between subjects on the same group.
Data for DS patients and for CG are found in Tables 4.1 and 4.2. The number
of right strides, the duration of the concatenated walking test and the mean
velocity during gait are presented in the second, third and fourth columns re-
spectively. The number of walking tests recorded on subjects 1251 and 0090
were twice the trials recorded on the other participants.
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Patients ID Strides Duration[s] Velocity[m/s] MS R? lterations

1162 17 17.9 0.6 3 0.68 201
1172 16 19.2 0.7 4 0.76 158
1251 41 39.9 0.9 5 0.85 124
1259 13 16.0 0.6 3 0.67 109
1265 23 29.2 0.6 4 0.73 177
1299 27 30.5 0.7 4 0.75 150
1304 33 55.0 0.3 3 054 209
1305 16 19.9 0.6 4 0.77 220
1306 14 13.2 11 4 0.75 168
1311 19 29.3 0.4 3 0.70 153
1312 23 24.7 0.6 4 0.77 135

Table 4.1: Information of the concatenated record and the Muscular Synergies calculation in Down
Syndrome Population.

Controls ID  Strides Duration[ s] Velocity[m/s] MS R? lterations

0074 10 8.8 1.4 3 0.65 127
0083 8 7.5 1.4 3 0.69 162
0084 14 14.5 1.2 4 0.80 176
0085 11 10.3 1.4 3 0.68 100
0086 15 15.8 1.1 3 0.64 315
0087 15 15.1 1.2 4 0.74 142
0088 10 9.4 1.4 3 0.60 146
0090 27 29.2 1.2 4 0381 145
0091 13 15.7 1.1 4 0.72 207
0094 14 13.1 1.5 4 0.79 255

Table 4.2: Information of the concatenated record and the Muscular Synergies calculation in Control group.



4.2. Bilateral muscular synergies 35

4.2 Bilateral muscular synergies

In columns 5, 6 and 7 of Tab.4.1 and Tab.4.2 information concerning the num-
ber of MS calculated, the correlation coef cient and the number of iterations
required to reconstruct Vg is presented for each participant for DS and CG re-

spectively.

An average of 164.0 35.40 iterations with a R2 equal to 0.72 0.08 were
necessary to convergeV to Vg on DS population. For Controls, the number
of iterations were 177.5 64.88 with a R? of 0.71 0.07. An average number of
bilateral muscular synergies of 3.73 0.65 and 3.50 0.53 were obtained for DS
and CG respectively, which indicate that 3 or 4 synergies are enough to de-

scribe walking in both groups.

Each synergy was associated with a speci ¢ phase of the gait cycle. As those
phases represent the time-line of the cycle, their association with the MS was
done using the muscle primitives due to its time-dependent property. Four
activation pattern were recognized in both DS and CG populations, each one

representing the following phases:

The right heel strike (RHS);
The loading response (LR) in DS and terminal stance (TS) in CG;
The propulsion (PP);

The terminal swing (TSw).

In Fig. 4.1 - 4.4 the calculated synergies are presented. Four plots are shown
together in the following top-bottom order: the average and standard devia-
tions of DS and CG motor primitives, the statistical SPM analysis of motor

primitives, the DS motor modules and, the CG motor modules.
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It was found that inside each experimental group, not all the subjects evi-
dence the same synergy neither the same number of MS. For DS patients, 11/11
patients evidence a RHS, 11/11 a LR, 9/11 a PP and just 3/11 a TSw. For the
Controls, 7/10 subjects evidence a RHS, 10/10a TS, 5/10 a PP and 8/10 a TSw
(see Tab.4.1 and Tab.4.2). Detailed description of each of the four synergies is
presented below:

Synergy 1 that represents the RHS is shown in Fig.4.1. This MS was char-
acterized by a muscular activation at the beginning of the right stride (20% of
the stance phase) and during all the swing phase. Primitives of DS and CG did
not evidence signi cant differences at any point of the gait cycle. In contrast,

the muscle activation pattern varied across both experimental groups.

In DS, there was one muscle that dominates the MS while on CG there were
groups of muscles working in approximately the same intensity. Statistical dif-
ferences were calculated for musclesTAR (p =0.012),TA| (p < 0.001) andGL_
(p =0.026).

Synergy 2 showed in Fig.4.2 represents the muscular activation during the
stance phase. Differences between DS and CG primitives were in the maxi-
mum peak of muscle activation. DS group showed a slightly decreasing pat-
tern from 0 to 80% of the stance phase. In contrast, CG pattern activation
started with a lower intensity up to the 40% of the stance phase, which in-
creased to reach its maximum between the 60 and 80% of the same period.
Although both synergies shown activity in all the stance phase, their maxi-
mum activation peak assigned them to a different gait phase.

Via the SPM analysis, it was possible to support that those phases were sta-
tistically different at the rst 20% (p < 0.001) and between 60 and 80% of the
stance phase (p = 0.038). Regarding the motor modules, musclesRR_and GL
presented lower intensities in DS than in CG (p = 0.006 and p = 0.032). In con-
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trast, activation of BFg was higher in DS (p = 0.001). Comparable intensity of
GLgr and RFR muscles were present in both DS and CG groups.

Synergy 3 was labelled as the propulsion phase and itis presented in Fig.4.3.
This MS was characterized by an activation in the range of 30% to 60% of the
right stride and a zero or very low activation intensity in the rest of the cycle.
The mean and the standard deviation of this synergy was considerable similar
across DS and CG groups. The SPM test showed not substantial differences

between the primitives of the both groups along the stride duration.

Also, it was possible to see strong similarities in the motor modules. Bi-
lateral activation of RF together with activation of BF_, and activation of the
left dorsi- exors were presented in both groups. No signi cant differences
were obtained by the statistical analysis of the motor modules. Muscle co-
contractions appeared in the lower leg with the simultaneous contribution of
TA_ and GL_, which is higher in CG than in DS.

Finally, synergy 4 that represents the late swing is shown in Fig.4.4. A peak
of activation at the end of the right stride, speci cally after the 40% of the swing
phase, was recognized for both groups during Vg reconstruction. Primitives
were statistically different in the range between 20% to 40% of the stance phase
(p < 0.001). Activation of GL, was higher in DS while activation of BFg was
higher in CG, both with p = 0.012.
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Figure 4.1: Synergy 1. Right heel strike. Top: mean and standard deviation of 11/11 and 7/10 motor
primitives in DS (green) and CG (red) respectively and its statistical comparison. *: signi cantly different
from CG, p<0.05. Axis X: points of the gait cycle. Y: muscle time activation. Bottom: mean and standard

deviation of motor modules for DS (up) and CG (down). Axis X: muscles. Y: muscle contribution.
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Figure 4.2: Synergy 2. Weight acceptance - Heel off. Top: mean and standard deviation of 11/11 and 10/10
motor primitives in DS (green) and CG (red) respectively and its statistical comparison. *: signi cantly
different from CG, p < 0.05. Axis X: points of the gait cycle. Y: muscle time activation. Bottom: mean and

standard deviation of motor modules for DS (up) and CG (down). Axis X: muscles. Y: muscle contribution.
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Figure 4.3: Synergy 3. Right toe off. Top: mean and standard deviation of 9/11 and 5/10 motor primitives in
DS (green) and CG (red) respectively and its statistical comparison. Axis X: points of the gait cycle. Y: muscle
time activation. Bottom: mean and standard deviation of motor modules for DS (up) and CG (down). Axis
X: muscles. Y: muscle contribution.
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Figure 4.4: Synergy 4. Late swing. Top: mean and standard deviation of 3/11 and 8/10 motor primitives in
DS (green) and CG (red) respectively and its statistical comparison. *: signi cantly different from CG,
p<0.05. Axis X: points of the gait cycle. Y: muscle time activation. Bottom: mean and standard deviation of
motor modules for DS (up) and CG (down). Axis X: muscles. Y: muscle contribution.
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Discussion

In this chapter, the main ndings about the bilateral muscular synergies in
Down Syndrome and Control populations are discussed. The physiological
correlation between the motor modules and their corresponding motor prim-
itives across the two experimental groups is the focal point of this analysis.
Tools as the raw EMG signal, reported muscle activation during gait and other
sources provided by the literature are used to interpret the results presented in
this study.

5.1 Potential advantages of analysing coordination
with MS

To the best of our knowledge, this is the rst study addressing the MS dur-
ing walking obtained with a bilateral electrode-placement con guration in DS

and CG groups. No other studies in the literature reported the use of a bilat-
eral con guration in the lower limb for MS analysis. This makes the results of

this study different from which was obtained before.

The possibility to identify the movement phase described by the MS us-
ing both the right and the left limbs was the most relevant advantage of this
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experimental protocol. During the MS recognition described on section 3.4
was evidenced that each MS was described as the coordination between all
the 8 muscles. In several occasions, muscles of the left side determined the
gait phase of the right stride (mostly lower-leg muscles), which represents an
additional advantage when the target population presents differences in the

muscles contraction pattern (as in DS) compared to healthy subjects.

Bilateral con guration also proved that few EMG channels on each limb
were enough to recognize four gait phases during level walking in two dif-
ferent populations. This is an important nding due to in the literature, the
number of electrodes used in ipsilateral analysis are eight or more (Banks et al.,
2017; Hug et al., 2019). Here, data obtained with four channels on each limb
Is presented and results are comparable between the two experimental groups
(see Fig.5.5).

5.2 Differences between muscular synergies

Numerous observations can be done with respect to the MS in both experi-
mental groups. Although the number of synergies and the phases that they
represent on the gait cycle were constants for the two groups, statistical dif-
ferences in the motor primitives and the motor modules of the same MS were
present. These differences were the result of the variability of the single muscle
activation pattern on each subject, thus changes on the activation start-point or
alterations in the duration of the muscles contractions did change the MS prop-

erties in the two cohorts.

In two of the four MS recognized by the NMF signi cant differences were
found between the primitives of DS and CG. That can be explained with their
correlation with the motor modules (Synergy 2) and with their variability in-

side each group (Synergy 4).
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Two phases of the stance period were found in the second synergy (Fig.4.2)
due to the variability in the muscle contraction pattern. In DS, three different
behaviours were evidenced in the raw EMG of GLg, muscle which governs
the MS. Contractions at the beginning of the stance, at the end or during all
the stance period were collected inside the experimental group. This variabil-
ity overlaid the contractions areas of RFg, BFr and TA| which contributed in
the creation of a wide time-activation zone for the stance phase with a higher
intensity at the rst 15% of the gait cycle.

In contrast, greater matches in the muscles contraction that govern the LR
were present for CG population, fact that created a thinner but clearer acti-
vation peak in the motor primitives at the end of the stance period. Data of
the similarities across motor modules supported the differences in the muscu-
lar grouping done by the NMF. In both groups, GLgr, Rk and BR. muscles
governed this MS but the differences in the contribution of RF_, BRs and GL_
muscles were the responsible to generate two different phases in the stance pe-
riod of the right cycle. These phases were statistically different (p < 0.001 and
p = 0.038) in their main activation peaks on LR and TS respectively.

Likewise, statistical differences in the motor primitives of DS and CG were
presented in the synergy 4 (Fig.4.4). Differences in this MS can be explained
from the variability of the motor primitives and not only from the muscle acti-
vation pattern as it was done for synergy 2. In Fig.5.1 there are shown the rst

100 points of the TSw synergy for DS and CG respectively.

Differences were present in the time frame with almost zero variability in
the motor primitives. Two possible explanations can be drawn: i) the activa-
tion pattern of muscles that describes this MS was constant in that speci c time
range and/or ii) the sample sizes were not enough large to obtain reliable vari-

ations of the primitives.
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Figure 5.1: Stance phase of Synergy 4 in DS (right) and CG (left) populations. Black shapes represents all
subjects that evidence LTw. Primitive's average are plotted in green. Red arrows indicate the area of
statistical difference between the two groups primitives. Axis X: number of points. Y: muscle time-activation.

The previous two hypotheses can be tested with the information presented
in the Fig.5.1. Low variability of DS and CG motor primitives was present be-
tween the 5% and 50% of the stance phase. In the case of CG, the 8 recognized
primitives had a constant activation intensity thus it was possible to af rm that
for CG this lack of variability was a property of their motor program and not
a random issue. However, just 3/11 DS patients were evaluated in the TSw
phase, so giving a conclusion about zero variability of the motor program in

this group would be debatable by the available data.

Differences in the muscles recruited by each cohort were obtained for GL
and BFg, dominant muscles of this MS in DS and CG respectively. Nonethe-
less, in the gait period where the primitives between the two groups diverged,
these two muscles should not be activated supporting the hypothesis that the
variability could be produced by the fewer number of patients that had this
MS. However, activation of GL_ and BFgr muscles should coincide during the
swing phase of the right stride as it is shown in Fig.4.4, suggesting that motor
program in DS and CG could be different during the execution of the terminal

swing.
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An special event happened with synergy 1 due to it did not evidence differ-
ences in the motor primitives but did evidence differences in three muscles of
the motor modules. Activation of TARg was statistically higher in DS while in
TA| and GL_ muscles were stronger in CG. Both groups presented important
contribution of right dorsi- exor and the left plantar- exor which is the ex-
pected contraction for the RHS. Strong activation of the TA| can be explained
due to the primitive was never zero during the physiological period in which

TA/| is supposed to be contracted.

5.3 Muscular co-contractions

Muscular co-contractions were observed in almost all the synergies in DS and
CG populations in both right and left limbs. This issue was expected for DS
due to the co-contraction is an issue that characterize patients with this pathol-
ogy (Corsi et al., 2019), but no for CG where the action of exors and extensors

are well segmented during walking.

To gure out why this muscle co-contractions appeared in the MS, it was
controlled the EMG signal of each muscle in order to see if the co-contractions
were present in the nature of the signal or if they were a result of the NMF

factorization. The following facts were found:

1. Muscular co-contractions in CG and DS were present in the EMG signal
during the full right cycle. The group RF - BF muscles were the most
co-activated during the stride in the two limbs and for both populations.
The co-contraction of the right upper leg in DS were recognized in syn-
ergy 1, 2 and 3 while the same contraction was presented just in synergy
4 for CG. Similarly, co-contractions for the left upper leg were present in
synergies 2 and 3 for CG and in synergy 3 for DS. Only an important co-
contraction of the left lower leg ( TA - GL) was reported on synergy 1 for
CG.
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In Fig.5.2 and Fig.5.3 the EMG signal of RFg and BF for DS and signal
of RR_and BR_for CG are shown as they evidenced the higher incidence

of co-contraction;

. Higher variability was evidenced in the EMG of DS than in CG. Vari-

ability involved both different starting point and different duration of of
muscle contraction that the one set by the literature. Therefore, areas of

co-contractions in this population are higher than in CG;

. Physiological co-contractions during gait were observed in both experi-

mental groups. The criterion of acceptability was done according to data
reported in literature of muscle activation pattern during gait (Benedetti
et al., 2012; Bonnefoy-Mazure and Armand, 2015), which is presented in
Fig.5.4.

Activation of right-leg muscles during a right stride were directly reported.

Left muscles activation map was done assuming symmetry between the limbs.

The same events of right muscle contractions were translated to the left limb

during the left stride.

The presence of co-contractions in the MS should not be related with an

alteration of the walking pattern or in the motor control of the participant.

First because according to the activation map in Fig.5.4, exors and extensors

present small regions in which they can be activated together as the rst 5%

and the last 10% of the gait cycle for RF-BF-R group or the range between 40
to 50% for RF-BF-L muscles.

Second and most important, because co-contractions are de ned in time

thatin the MS analysis is given by the motor primitives. Then, the co-contractions

must be analysed together with the primitive's time-line to happens when they

are placed and if they are acceptable inside that speci c movement phase.
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