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C’est pour savoir ou je vais que je
marche.

Goethe

A toi, qui aurait fait chanter Yuki.



Abstract

The global aim of our work is to improve gait rehabilitation for children with cerebral
palsy after single-event multi-level surgery of the lower limbs. Cerebral palsy describes a set of
movement and posture disorders causing activity limitations and participation restrictions. It is
attributable to a non-progressive brain lesion during fetal development or the first year of life. Dur-
ing childhood, musculoskeletal growth inequalities lead to gait abnormalities that severely impair
the quality of life of these children. During adolescence, a surgical intervention allows restoring
these bone/tendon/muscle deformities in the same operating time. First, we conducted a litera-
ture review on postoperative rehabilitation because there was a lack of standardized presentation
(Article 1). We highlighted that this rehabilitation could be divided into five key steps. In the
fourth step, intensified gait training is recommended to optimize postoperative walking capacity.
The question of how to maintain the motivation of young people during such a long period of
rehabilitation and how to provide e [edtive gait rehabilitation was raised.

To this end, we have chosen to investigate the potential of active video games. Over the
last decade, interest in active video games used in motor rehabilitation has continued to grow. The
literature reports that not all games used with therapeutic purposes clinically tested are e [edtive,
far from it. Today there is a vast mixture, sources of misunderstandings, particularly the use of
commercial games diverted to be used in therapy. These are not always adapted to children with
motor disabilities and are especially not developed considering the essential ingredients of motor
learning and motor rehabilitation. Moreover, Active Video Games can be displayed using di [erknt
devices, from virtual reality to augmented reality. This choice is crucial.

In our context, augmented reality has been preferred to deliver our active video game so
that children feel free to walk in their environment using their usual walking aids without restriction
of movement. Augmented reality is a technology that combines virtual elements generated by a
computer to modify or augment the real environment. These virtual objects are supplemented
by multimodal perceptual information, notably visual, auditory, or haptic. Thus, the individual
perceives and interacts with a virtual object superimposed on his real environment in real-time.

The field of application is extensive, ranging from the industrial context to optimize the
production to the surgical area by facilitating access to medical information for the surgeon. In
this thesis, we aimed to foster a novel field of research and use for augmented reality, motor
rehabilitation and particularly gait rehabilitation in pediatric neurology.

Indeed, in the area of gait rehabilitation, there is currently no research, fundamental or
clinical, on the use of active video games in augmented reality. New approaches on health technolo-



gies are encouraged to support health professionals, provide patients with personalized and e [cieht
healthcare and information, and stimulate health promotion and disease prevention in the general
population. These technologies could bring some fun into rehabilitation care, which is essential for
kids. Their use in quasi-autonomy would also allow therapists to o [erl more rehabilitation time.

The tool used to deliver our active video game was the Microsoft Hololens® augmented
reality headset. The entire research team validated this choice according to precise specifications.
We conducted two studies. First, we assessed the reliability of the headset tracking in comparison
with a reference motion analysis tracking system (Article 2). Second, we described and validated
a new algorithm, HoloStep, calculating in real-time gait spatiotemporal parameters with the only
position of the Hololens (Article 3). In parallel to these technological considerations, we focused
our fundamental research on the impact of feedback delivered in augmented reality. Because
feedback in AR can be displayed to the user through dilerknt characteristics, we have developed
a theoretical model of feedback in augmented reality for rehabilitation. This theoretical work
was necessary before designing feedback and testing specific characteristics of them in healthy
adults (Article 4) and children with CP (Article 5 & Article 6). Some of the observations
from this work have led to new research questions, notably the characterization of patients as
"non-responders" to feedback. Finally, we analyzed the literature to create the most adapted
gait rehabilitation protocol, using good ingredients to match motor learning principles. The active
video game ARRoW-CP for young people was developed, including a 4-week rehabilitation protocol
consisting of a series of high-intensity walking sprints (Article 7). Today, we evaluate the ARRoW-
CP active video game with young people with Cerebral Palsy at the Ellen Poidatz Rehabilitation
Center.

This thesis results from a cross between several scientific areas sharing the ambition to
be part of "tomorrow’s medicine", which is participatory, predictive, preventive, customizable, and
evidence-based. Thus, we have contributed to rehabilitation sciences by developing, in collabora-
tion with stakeholders, an active video game for gait rehabilitation. We have investigated more
fundamental notions in motor learning, notably on the impact of feedback. Finally, we have ex-
plored the field of information and communication sciences and technologies by developing tools
and content usable in augmented reality.

Keywords: Augmented Reality, Feedback, Gait Rehabilitation, Cerebral Palsy, Active Video
Game, Motor Learning, Single-Event Multi-Level Surgery



Resumeé

Notre recherche a pour objectif général de contribuer a I'amélioration de la prise en charge
rééducative des enfants atteints de paralysie cérébrale apres intervention chirurgicale des membres
inférieurs. Cette pathologie regroupe un ensemble de troubles du mouvement et de la posture res-
ponsable de limitations d’activité et de restriction de participation. Elle est imputable a une lésion
cérébrale non évolutive ayant eu lieu au cours du développement feetal ou durant la premiére année
de vie de I’enfant. Durant I’enfance, les inégalités de croissance musculo-squelettiques engendrent
des anomalies de la marche altérant fortement la qualité de vie de ces jeunes. Une intervention
chirurgicale pratiquée a I’adolescence permet, dans le méme temps opératoire, de rétablir ces dés-
équilibres biomécaniques. Notre premier travail a été de réaliser une revue de la littérature sur la
rééducation qui suit cette intervention chirurgicale, qui n’était jusqu’alors pas standardisée (Ar-
ticle 1). Nous avons mis en évidence que cette rééducation pouvait étre décomposée en 5 étapes
clés. Au cours de la quatrieme étape, I'intensification de I’entrainement de la marche est recom-
mandée comme une stratégie d’optimisation de la capacité de marche post-opératoire. La question
du maintien de la motivation des jeunes au cours d’une si longue période de rééducation, ainsi que
celle du moyen utilisé pour proposer une rééducation de la marche e [cade, se sont posées.

A cette fin, nous avons choisi d’investiguer le potentiel des jeux vidéos actifs. En e [ef]
au cours de la derniére décennie, I'intérét pour les jeux vidéo actifs utilisés dans la rééducation
motrice n’a cessé de croitre. Cependant, la littérature rapporte que tous les jeux utilisés a des
fins thérapeutiques testés cliniguement ne sont pas e [cades, loin de la. 1l existe aujourd’hui un
vaste mélange, source de confusions, avec notamment I'utilisation de jeux commerciaux détournés
pour étre utilisés en thérapie. Ces derniers ne sont pas toujours adaptés aux enfants atteints de
handicap moteur, et surtout ils ne sont pas développés en tenant compte des ingrédients essentiels
de I'apprentissage moteur et de la rééducation motrice. De plus, le jeu vidéo actif peut étre délivré
a I’aide de di [érknts dispositifs technologiques, qui vont de systémes de réalité virtuelle a la réalité
augmentée. Ce choix est crucial.

Dans notre contexte, la réalité augmentée a été préférée comme support de notre jeu
vidéo actif afin que les enfants puissent marcher dans leur environnement réel, sans restriction de
mouvement, en utilisant leurs aides de marche habituelles. La réalité augmentée est une techno-
logie associant des éléments virtuels, générés par ordinateur, pour modifier ou augmenter I’envi-
ronnement réel. Ces objets virtuels sont enrichis par des informations perceptives multimodales,
notamment visuelles et/ou auditives. Ainsi, I'individu percoit une scéne virtuelle qui se surimpose
a son environnement réel et dans laquelle il peut interagir en temps réel.



Les domaines d'application de cette technologie sont étendus. Nous avons souhaité ouvrir
le champ de recherche et d'utilisation de la réalité augmentée au domaine de la rééducation mo-
trice, et plus spéci quement de la rééducation de la marche en neuropédiatrie. En e et, pour la
rééducation de la marche, il n'existe & ce jour aucune recherche, fondamentale ou clinique, portant
sur l'utilisation des jeux vidéo actifs en réalité augmentée. De nouvelles approches sont nécessaires
an de permettre aux patients de se rééduquer de maniére ludique et e cace mais également de
fournir aux thérapeutes une solution numérique autonome pour augmenter le temps de rééducation
a proposer a leur patient.

L'outil utilisé pour délivrer notre jeu vidéo actif a été le casque de réalité augmentée
Microsoft Hololens®. Ce choix a été validé par I'ensemble de I'équipe de recherche en fonction d'un
cahier des charges précis. Nous avons mené deux études an de conrmer la abilité du calcul
de la position tridimensionnelle du casque dans l'espacfArticle 2) et de valider la précision de
I'algorithme de détection des paramétres spatio-temporels que nous avons développé et implémenté
dans le casque HololengArticle 3) . En paralléle de ce versant technologique, nous avons orienté
notre recherche fondamentale sur les retours sensoriels (ou feedback) en élaborant un modéle théo-
rique des caractéristiques des feedbacks délivrés en réalité augmentée applicable dans le cadre de
la rééducation. Nous avons ensuite testé auprés d'une population adult@Article 4) et d'une po-
pulation d'enfants atteints de PC des scenarii combinant di érentes caractéristiques de feedbacks
visuels (Article 5 & Article 6) . Certaines observations issues de ces travaux ont conduit a de
nouvelles questions de recherche, notamment celle de la caractérisation des pro Is de patients
non-répondants aux feedbacks. En n, une ré exion pluridisciplinaire comprenant une analyse de
la littérature a été menée a n d'élaborer le protocole de rééducation de la marche le plus adapté,
notamment en termes d'intensité et de répétition, pour satisfaire les théories de I'apprentissage
moteur. Sur la base de ces travaux, le jeu vidéo actif ARRoW-CP destiné aux enfants atteints de
paralysie cérébrale a été développé, incluant un protocole de rééducation de 4 semaines composé
de séries de sprints de marche a haute intensitéArticle 7) . Aujourd'hui, notre jeu vidéo actif
ARROW-CP est en cours d'évaluation clinique auprés des jeunes atteints de paralysie cérébrale au
sein du Centre de Rééducation Ellen Poidatz.

Cette these est le fruit d'un croisement entre plusieurs disciplines scienti ques partageant
I'ambition de s'inscrire dans la médecine de demain, qui se veut participative, prédictive, préventive,
personnalisable, et basée sur les preuves. Ainsi, nous avons contribué aux sciences de la rééducation
en développant en collaboration avec les parties prenantes un jeu vidéo actif de rééducation de la
marche, nous avons investigué des notions plus fondamentales en apprentissage moteur, notamment
sur l'importance des feedbacks et nous avons exploré le champ des sciences et technologies de
I'information et de la communication par le développement d'outils et de contenus utilisables en
réalité augmentée.

Mots-clés : Réalité Augmentée, Retours Sensoriels, Rééducation de la Marche, Paralysie Céré-
brale, Jeux vidéo actifs, Apprentissage Moteur, Chirurgie Multisite
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Chapter 1

General introduction

Contents
1.1 Rationale . .. .. . . ... 2
1.2 Objectives . . . . . . . . e 2
1.3 Thesis structure . . . . . ... 3
1.4 List of Publications . . . . ... .. ... ... . ... ... 4

Chapter 1 is a general introduction presenting the rationale, objectives, and structure of
the thesis. Then the list of published and submitted articles is attached.



2 CHAPTER 1. GENERAL INTRODUCTION

1.1 Rationale

Cerebral palsy (CP) is childhood's most common motor disability, causing activity limi-
tations and participation restrictions. It is a group of permanent disorders of the development of
movement and posture attributed to non-progressive brain lesions that occurred in the developing
fetal brain or during the rst year of the child's life. While children grow and age, musculoskeletal
growth-related deformities lead to gait abnormalities that severely impair their quality of life. An
orthopedic strategy, named single-event multilevel surgery (SEMLS), can be used to realign the
musculoskeletal system in both lower limbs during a single operative period. The few studies with
a long-term follow-up showed a slight improvement in all gait and functional parameters, but the
results di ered. These results could be in uenced by the surgical gesture itself, the child's pre-
operative status, and the postoperative rehabilitation. This rehabilitation is long, with an average
of 4.5 months. One crucial stage is gait rehabilitation, during which children face several obstacles.
On the one hand, it is challenging for children with CP to integrate their new gait pattern after
their new musculoskeletal system's "instantaneous acquisition" after surgery. On the other hand,
keeping a high level of motivation for a long time is a challenge. It is essential to nd complemen-
tary (and enjoyable) solutions to improve and intensify gait rehabilitation after surgery.

Using Active Video Game (AVG) for motor rehabilitation has generated an extremely
positive reaction from therapists and children. In recent years, multimedia technologies, such as
Virtual or Augmented Reality headsets, have become considerably democratized and diversi ed.
In particular, Augmented Reality (AR) is a technology adding virtual elements (sometimes called
holograms) to modify or augment the real environment. These virtual objects are enriched by
multimodal perceptual information, notably visual, auditory, or haptic. Thus, the users perceive
a virtual scene superimposed on their real environment and can interact in real-time. The elds
of application of this technology are extensive, ranging from the industrial world to optimize pro-
duction processes to the surgical environment by facilitating access to various medical information
for the surgeon.

In this thesis, we wanted to explore and use AVG in AR for motor rehabilitation, speci -
cally for gait rehabilitation in pediatric neurology. First, the last decade has seen a growing interest
in AVG used for motor rehabilitation purposes. Their forms are diverse, from commercial games
to customized games developed in a research laboratory. However, there is currently no research,
fundamental or clinical, on the use of AVG in AR for gait rehabilitation. Second, if providing feed-
back is an e ective strategy to improve motor function in children with CP, feedback characteristics
are multiple and have not been explored in the context of AR rehabilitation. we hypothesize that
an AVG in AR incorporating both motor learning ingredients and motor rehabilitation principles
would lead to relevant innovation for postoperative gait rehabilitation of children with CP.

1.2 Objectives

The global objective of this thesis is to evaluate an AVG in AR to improve the walking
capacity of children with CP after SEMLS. Through this thesis, we are in response to more speci ¢
objectives, including research investigation about step detection with an AR headset and feedback
characteristics. The scienti c issues are multidisciplinary in motor rehabilitation and mixed reality,
both fundamental and clinical. We answer the following research questions :
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Is post-operative rehabilitation standardized ?
Do the spatiotemporal parameters of walking measured with an AR headset are reliable ?

What are the model and characteristics of feedback in motor rehabilitation ? Are they
compatible with AR ?

Can walking speed be controlled using virtual feedback delivered in AR ?

Does an AVG in AR improve walking capacity in children with CP ? Does an AVG in AR
improve children's motivation for gait rehabilitation ?

1.3 Thesis structure

Chapter 1 is a general introduction presenting the rationale, objectives, and structure of
the thesis. Then, the list of published and submitted articles is attached.

Chapter 2 is state of art about cerebral palsy and its therapeutic strategies. In particular,
we have conducted a literature review on rehabilitation after Single-Event Multi-Level Surgery,
and we propose a 5-step framework to standardize this rehabilitation(Article 1 ). We present the
ingredients for e ective motor rehabilitation. To conclude, we propose an in-depth overview of
games, serious games, active video games, virtual reality, and augmented reality, clarifying their
de nition and their use in the eld of motor rehabilitation.

Chapter 3 investigates the feasibility of using an AR headset as a unique sensor and device
for gait recognition in a real (overground) environment. First, we present the experiment assessing
the reliability of the device that we have selected (Microsoft Hololens AR headset)Article 2) . In
our context, the Hololens is a su ciently reliable tool to measure in real-time the position of the
participants' head during di erent walking situations, in comparison with a motion capture system.
Second, we detail our step detection algorithm (HoloStep - open source code), accurately measuring
the spatiotemporal gait parameters, without additional sensors, from the head's position. We
present its experimental validation with a population of children with CP (Article 3) .

Chapter 4 focuses on feedback for motor rehabilitation in AR. We expose our theoretical
model of feedback in AR. Then we detail the results of two clinical studies testing the impact of
scenarios combining di erent visual feedback characteristics on walking speed in adult population
(Article 4) and children with CP (Articles 5 & 6 ). We have demonstrated that speci ¢ feedback
characteristics helped reach and maintain target speed. Finally, we discuss our observations of
di erent pro les of people based on their responses to feedback.

Chapter 5 describes our nal active video game, called ARRoW-CP, which proposes a
4-weeks protocol with a series of walking sprints to be performed at high intensity. We precise the
game development framework used to develop ARRoW-CP. Finally, we expose the clinical study
protocol designed to test the e cacy of ARRoW-CP (Article 7) . Today, we evaluate ARRoW-CP
with children with CP at the Ellen Poidatz Rehabilitation Center. We present the preliminary
results of this clinical study.
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1.4 List of Publications

Article 1 -

Article 2 -

Article 3 -

Article 4 -

Article 5 -

Article 6 -

Article 7 -

Guinet AL , Khouri N, Desailly E. Rehabilitation after Single event Multi Level Surgery in
children with cerebral palsy. Qualitative literature review. Am journal of PM&R, 2021

Guinet AL , Bouyer G, Otmane S and Desailly E. Reliability of the head tracking mea-
sured by Microsoft Hololens during di erent walking conditions. Comput Methods Biomech
Biomed Engin, 2019

Guinet AL , Bouyer G, Otmane S and Desailly E. Validity of Hololens Augmented Reality
Head Mounted Display for measuring gait parameters in healthy adults and children with
cerebral palsy. Sensors, 2021, 21(8), 2697

Guinet AL , Bouyer G, Otmane S, Biddiss E and Desailly E. Development of a serious game
for gait intervention in Augmented reality: a prospective study on the impact of virtual
feedback on walking speed(Submitted to JMIR Serious Game)

Guinet AL , Bouyer G, Otmane S and Desalilly E. Towards an AR game for walking re-
habilitation: Preliminary study of the impact of augmented feedback modalities on walking
speed. IEEE ISMAR, 2020

Guinet AL , Bouyer G, Otmane S and Desailly E. Visual feedback in Augmented Reality
to maintain a target walking speed. Cross sectional study including children with cerebral
palsy. (Under review in IEEE TNSRE)

Guinet AL , Bams M, Payan-Terral S, Otmane S, Bouyer G and Desailly E. ARRoW-CP:
E ect of an Augmented Reality Active Video Game for Gait Training in Children with Cere-
bral Palsy following Single-Event Multilevel Surgery - Protocol for a Randomized Controlled
Trial. (Submitted to BMJ Open)



Chapter 2

State of the art

Contents
2.1 Introduction . . . . . . ... 6
22 Cerebral Palsy . . ... ... . . . . ... e 6
2.2.1 De nition, Clinical symptoms and Classications . . . . ... ...... 6
2.2.2 Prevalenceand Risk Factors . . . . . ... .. ... ... ... ... 8
2.2.3 Impairment in Body Function and Structure . . . .. .. ... ... .. 8
224 Gait Abnormalities . . . . . ... 9
2.3 Therapeutic strategies . . . . . . . . .. 13
2.3.1 Clinical Evaluation . . . . . . . . ... . ... 13
2.3.2 Conventional care . . . . . . ... 14
2.4  Focus on Single-Event Multi-Level Surgery . . . . . . . ... ... .. 17
2.4.1 Postoperative Results . . . . . .. ... .o o 18
2.4.2 Rehabilitation after SEMLS (Article 1) . .. .. ... .. ... ..... 20
2.5 Ingredients for an e ective Motor Rehabilitation . . . . .. ... .. 33
2.6 Playing Video Game to Learn, are you Serious ? . . .. ... .... 35
26.1 Game Theory . . . . . . . . . . . e 36
26.2 TheRoleofPlay . . ... .. .. . . ... .. . 37
2.6.3 Games used with therapeutic purposes . . . . . . ... ... ... .... 37
2.6.4 Active video game in Paediatrics Motor Rehabilitation . . . . . . .. .. 40
2.7 Conclusion . . . .. 45

Chapter 2 is state of art about cerebral palsy and its therapeutic strategies. In particular, we
have conducted a literature review on rehabilitation after Single-Event Multi-Level Surgery, and
we propose a 5-step framework to standardize this rehabilitation(Article 1 ). We present the
ingredients for e ective motor rehabilitation. To conclude, we propose an in-depth overview of
games, serious games, active video games, virtual reality, and augmented reality, clarifying their
de nition and their use in the eld of motor rehabilitation.
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2.1 Introduction
"Cerebral Palsy is a lifelong condition™

We begin this chapter by de ning cerebral palsy to understand better its clinical symptoms and
its di erent classi cations (Section 2.2). We will see that behind this single name is to nd for

many patients. From impairment in body function and structure to gait abnormalities, children

with CP are a ected in di erent forms and degrees. These troubles also impact their activity and
participation in daily life.

After that, we provide an overview of the current therapeutic strategies and their e cacy
(Section 2.3), including motor intervention. Among treatments to solve contracture and joint
alignment, we devote a section on Single-Event Multi-Level Surgery (SEMLS), an e cient strategy
to optimize biomechanics. We describe this surgery, its results on strength, range of motion, and
gait parameters. Some of these parameters, such as walking speed, did not improve after SEMLS.
We present our literature review on rehabilitation after SEMLS (Article 1) (Section 2.4.2). This
review suggests a ve-step framework allowing a more precise and comprehensive description of
postoperative rehabilitation protocol.

To further the discussion, we will expose the main ingredients of motor learning that
should be applied and bene cial to motor rehabilitation (Section 2.5). Our objectives have been to
implement these ingredients in a postoperative protocol to enhance walking speed after SEMLS. At
this stage, we justify our hypothesis that the video game could be a solution to e ciently deliver a
structured rehabilitation while respecting some essential principles of motor learning. Finally, we
present an in-depth overview of the game, serious game, active video game already tested in motor
rehabilitation, and the systems such as virtual reality and augmented reality to display games used
with therapeutic purposes (Section 2.6).

2.2 Cerebral Palsy

2.2.1 De nition, Clinical symptoms and Classi cations

The international community » de nes Cerebral Palsy (CP) as follows: Cerebral palsy
describes a group of permanent disorders of the development of movement and posture, causing ac-
tivity limitation, that are attributed to non-progressive disturbances that occurred in the developing
fetal or infant brain." [2]. This de nition re ects the concept that CP is one group of neurodevel-
opmental disorders which involves numerous developing functions. As in other neurodevelopmental
disorders, various manifestations of the disordered brain may appear more signi cant in di erent
persons or at di erent life periods, e.g. some aspects of the motor impairment [3], sensory loss [4],
intellectual disability [5], attention di culty, epilepsy [6], respiratory problems [7], musculoskeletal
dysfunction [8] and many others maybe more prominent at di erent stages of the life of a person
with CP (Figure 2.1).

*. Livre Blanc de la Paralysie Cérébrale [1].
»- An International Workshop on De nition and Classi cation of Cerebral Palsy was held in Bethesda, Maryland

(USA), on July 11-13 2004, co-sponsored by United Cerebral Palsy Research and Educational Foundation in the
USA and the Castang Foundation in the United Kingdom, supported by the National Institutes of Health / National
Institute of Neurological Disorders and Stroke and the Dana Foundation.
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Figure 2.1 Infographic of Associated impairments of children with cerebral palsy . This
is an original gure. The estimated prevalence come from the Report of the Australian Cerebral
Palsy Register published in 2018. [9]

In 2007, a collaborative group inside the Surveillance of Cerebral Palsy in Europe Network
(SCPE) has proposed to classify CP intothree main groups (or subtypes) based on neurological
ndings : Spastic (bilateral or unilateral), dyskinetic (dystonic or choreoathetotic) and ataxic.
When it is a mixed CP form, i.e. spasticity with ataxia and/or dyskinesia, the child is classied
according to the dominant clinical feature. The large majority of children are classi ed as spastic
CP (54.8 % bilateral spastic, 33.5 % unilateral spastic), then dyskinetic for 8.0 % and ataxic for 3.8
% [10]. The topographic classi cation relies on the localization/limb distribution of neuromotor
impairment in spastic CP : Monoplegia, Hemiplegia, Diplegia, Triplegia and Quadriplegia [11].

As noted previously, cerebral palsy includes a variety of clinical phenotype [12]. An easy
way for clinicians to share a rapid pro le about walking capacity of their patient is a classi cation
system. In particular, to evaluate the functional capacities of children with CP, one of the most
used classi cation system is the Gross Motor Function Classi cation System - Expanded & Revised
(GMFCS - E & R) [13]. This 5-level classi cation system describes the gross motor function of
children and youth with CP on the basis of their self-initiated movement with particular emphasis
on sitting, walking, and wheeled mobility. Distinctions between levels are based on functional
abilities, the need for assistive technology, including hand-held mobility devices (walkers, crutches,
or canes) or wheeled mobility (Appendix 5.6). The reliability and stability of the GMFCS over
time has been validated with inter-rater reliability of 0.93 and a test-retest reliability of 0.79 [14].
The GMFCS has been widely used around the world as a common language to describe gross
motor function of children with CP (more than 1,500 citations) [15]. A recent cohort study in
Canada have registered 36% GMFCS 1, 12% GMFCS Il, 12% GMFCS I, 17% GMFCS IV and
23% GMFCS V [16]. In our work, we are focusing on children with CP who are ambulatory [17],
i.e children with GMFCS I-11I .

Other tools are used to draw the patient pro le. The International Classi cation of Func-
tioning, Disability and Health (ICF) is a classi cation for health and health-related domains. ICF is
the World Health Organization (WHO) framework including 5 categories that are linked together:
Body functions and structure, Activity, Participation, Environmental Factors and Personal Fac-



8 CHAPTER 2. STATE OF THE ART

tors. This interconnection means that changing in any area of the framework can potentially have
in uences elsewhere. This concept requires a more holistic approach to a person with disability.

In the eld of childhood disability, Rosenbaum et al. have extended the ICF with the
"F-Words": Fitness, Function, Family, Friends, Fun, Future . This makes it possible to de ne
the child not only by functional or structural disorders but also to take into account their contextual
factors (both environmental and personal), and their possibilities (both activity and participation).
The "F-Words" approach has in uenced our work, in the sense that we have followed this holistic
approach to develop a therapeutic strategy that considers the person as a whole and in the di erent
planes of her/his life.

2.2.2 Prevalence and Risk Factors

CP is the most common motor disability of childhood with an estimated prevalence of
17 million people worldwide [18]. In Europe, the prevalence of CP decreased linearly from 1.90
for 1000 births in 1980 to 1.77 in 2003 with a range of 1.57 1.99 between countries, i.e. a mean
decrease of 0.7 % per year. However, the absolute number of children "born with CP" rose from
2,701 in 1980 to 4,394 in 2003 (+ 62.3 %) [19]. The Australian Cerebral Palsy Register revealed a
decreasing prevalence from 2.2 for 1000 births in 1997, 2.2 in 2003 to 1.4 in 2012, i.e respectively
1,259 births, 1,338 and 1,265 in 1997, 2003 and 2012 [9]. In the United States, the prevalence
of CP for 2008 was 3.1 per 1000 8-year-old children, this trend has remained relatively constant
since 1996. Using data from the North of England Collaborative Cerebral Palsy Survey for births
during the period 1991 to 2000, Glinianaia et al. estimated there is 22,077 children living with CP
in 2020, a 7.5 per cent increase compared with 2013 [20]. In Canada, the number of people living
with cerebral palsy is expected to increase from more than 75,000 in 2011 to more than 94,000 in
2031 (prevalence rate from 0.222 to 0.236 per 100 population) [21] . Thus, although the relative
prevalence is decreasing in some countries, the increase in births is leading to an increase in the
absolute number of people living with cerebral palsy. This number is high in comparison to other
severe childhood disabilities, such as Down syndrome.

Preterm birth is the most important risk factor for CP. This risk in infants born before
28 weeks of gestation is approximately 50-times that of full-term births [22]. Other factors are a
di cult labour with neonatal asphyxia or oxygen deprivation, placental abnormalities and fetal
growth retardation [23]. Correlation are observed between the socioeconomic status and CP,
there is an increased risk of CP in low-income and middle-income countries versus high-income
countries [24].

2.2.3 Impairment in Body Function and Structure

Cerebral palsy is associated with various body function and structure de cits, which
largely depend on the type (hypoxia and ischaemia are the most reported) and the location of the
brain lesion. The disruption of cortico striatal thalamic cortical and cortico cerebellar cortical
networks impairs motor planning, coordination, muscle strength regulation, motor learning and
ne motor skills [18]. But the clinical symptoms can also be a consequence of activity limitations
during critical periods for activity-dependent and use-dependent plasticity. For example, impair-
ments such as attention and perceptual de cits, communication, executive functions and arithmetic
performance could be considered as a secondary consequence of activity limitation. Another sig-



9 CHAPTER 2. STATE OF THE ART

ni cant nding is that restricted sensorimotor experience, caused by less neural stimulation owing

to fewer or less-complex movements, impedes motor learning. As a consequences of poor range
of movement, but also by lack of muscular activities and of many other factors, children with CP
develops muscle contractures (de ned as limited joint movement that results from high passive
muscle force) and bone deformities amongst other problems [25]. The most common bone de-
formities in adolescents with CP are excessive femoral anteversion, hip subluxation, patella alta,
excessive external tibial torsion, and pes valgus [26].

Muscles and muscle bres are di erent for CP than typically developing (TD) children:
shorter, smaller and reduced diameter. All CP children do not present the same alteration. The
sarcomere are longer and fewer in number conducing to low active force, high passive muscle
forces [27]. There is a decrease in the number of muscle stem cells, that is responsible for the
growth in skeletal muscle and regeneration [28].

Weakness, Selective Motor disorders, Spasticity and Dystonia are the most common clin-
ical phenomenons observed in children with CP. Weakness is a major cause of disability, positive
correlations have been found between strength, gross motor function and functional outcomes [18].
Lance de ned spasticity as "a motor disorder characterised by a velocity-dependent increase in
tonic stretch re exes (muscle tone) with exaggerated tendon jerks, resulting from hyperexcitability
of the stretch re ex, as one component of the upper motor neuron syndrome[29]. Recently, an
expert consensus based on Delphi method, suggested that the term hyper-resistance should be used
to describe the phenomenon of impaired neuromuscular response during passive stretch, instead of
spasticity or hypertonia. They distinguished non-neural (muscle tissue properties involving elas-
ticity, viscosity and muscle shortening) from neural (velocity dependant stretch hyperre exia and
non-velocity dependent involuntary background activation) contributions to hyper-resistance. The
term spasticity should only be used next to stretch hyperre exia, and the term sti ness next to pas-
sive (muscle) tissue-related contributions to hyper-resistance [30]. Dystonia is de ned as a move-
ment disorder characterized by sustained or intermittent muscle contractions or co-contractions
causing abnormal and repetitive movements and/or postures. Dystonia is often initiated or wors-
ened by voluntary action. All these symptoms lead to activity and participation restrictions, for
example a limited walking capacity a ecting the daily life of children with CP.

2.2.4 Gait Abnormalities

Motor disability can range from minimal to profound, depending on the individual de cits
in the ICF domains. As noted above (Figure 2.1), a third of people with CP cannot walk. In a
recent cohort study including 336 patients, 45% achieved walking 10 steps without aids with a
mean age 40 months (standard deviation of 22.1 months, upper age 120 months), 10% only ever
achieved walking with the use of aids (mean age 45 months, standard deviation 15.2, upper age
94 months) and 45% never achieved walking [31]. Moreover, walking ability is an activity that
may decline with age, more than 25% of adults with CP experience decline in mobility [32]. The
pattern of walking in children with CP gradually deteriorates over time. Several factors, such
as physiological muscle change, physical growth, surgical interventions, fatigue, and psychological
aspect, are potentially implicated in this degradation [18, 33].
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According the gait de nitions from Wren et al. [8], the most common gait problem in
their group of patient was sti knee in swing (80%), followed by crouch (69%), excessive hip
exion (65%), intoeing (64%), and equinus (61%) (Figure 2.2a) [8]. But these de nition of gait
abnormalities is now more than 15 years old and therefore does not take into account the latest
advances in motion analysis. In 2019, based on a systematic review including articles published
after 2005, six reliable and valid multiple joint patterns for children with CP reached a consensus
in literature [17]. This classi cation provides an update and a common language among healthcare
and researchers (Figure 2.2b). The prevalence of gait disorders will likely change with this new
classi cation if it is adopted by clinicians. In any case, the gait disorders of children and adolescents
with CP are extremely varied. More and more clinical assessment tools allow to measure precisely
the di erences within the same "class" of gait disorders. This allows a more personalized adaptation
of medical, rehabilitative and surgical treatments. We will discuss some of these strategies in
Section 2.3.

A recent meta-analysis including 35 articles identi ed and quanti ed gait variables and
measures of dynamic stability in children with CP (n=822) and typically developed (TD) children
(n=592) to nd out the subset of most deteriorated gait parameters (See Figure 2.3) [34] :

For spatio-temporal parameters a large e ect size (ES 0.8) was observed for gait velocity,
step length, stride length at the preferred-walking speed in favour of TD children whereas stride
time, step width and double limb support time are signi cantly higher in children with CP. These
parameters are the most deteriorated spatio-temporal gait parameters for children with CP. Figure
2.3 brings out these di erences. A moderate e ect size was observed on cadence (ES=0.29) and
single limb support time (ES=0.39) in favour of TD children (Figure 2.3). Moreover, in other
study, the comparison of spatiotemporal gait parameters revealed that TD children walked faster
(1.79 vs. 1.07 m/s), with higher cadence (115.44 vs. 89.39 step/min) and longer stride length (1.11
vs. 0.81 m). Step width was larger in children with CP due to poor balance and gait instability
(0.12 vs. 0.074 m) [35].

Kinematic parameters such as range of motion of the knee (ROM knee) in the sagittal
plane and ROM pelvis (sagittal and transverse planes) exhibited a large e ect in favour of TD.
These parameters are the most deteriorated kinematics gait parameters for children with CP. The
e ect of CP was moderate (ES 0.5) on COM-COP inclination angle (frontal and sagittal planes)
and ROM ankle (sagittal plane) parameters. Foot progression angle, ROM hip (transverse plane)
and ROM pelvis (frontal plane) were least in uenced by CP (Figure 2.3).
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(a) Prevalence of Gait abnormalities in children with CP A sti knee, hindering foot clearance, is
more common than equinus for children with diplegia and quadriplegia. From Wren et al. [8]

(b) Classi cation of Multiple joint pattern. The bold black lines indicate the deviations comprising
the pathological multiple joint patterns, the dashed lines in B represent the controlateral lower limb.  From
Papageorgioua et al. [17]

Figure 2.2 Gait impairments prevalence and classi cation in children with CP. These
gait abnormalities are the most frequent in this population. Each of them are well-described
in [8,17].
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Figure 2.3 Gait variables di erences between TD and CP children. Favour TD indicates
larger value of the corresponding gait variable in TD vs CP people. Favour CP indicates larger
value in CP vs TD people. No di. means that there are no di erences between CP vs TD people.

| 2 is the heterogeneity among the studies. The threshold of 2 was determined from the Cochrane
interpretation i.e. 0% to 40% might not be important, 30% to 60% may represent moderate
heterogeneity, 50% to 90% may represent substantial heterogeneity, 75% to 100% considerable
heterogeneity. COM: Center of Mass-Center of Pressure; ROM: range of motion; TP: tranversal
plane; SP: sagittal plane; FP: frontal plane; progr.: progression. This is an original gure created
with the supplementary data from Chakraborty et al. [34]

In a recent ecological study, Carcre et al. have compared multiple gait parameters be-
tween two distinct environments both in children with CP and TD: the laboratory to measure
the walking capacity and real life to evaluate walking performance using ve synchronized Iner-
tial measurement units-based devices (Physilog®, GaitUp, Switzerland) [36]. In both groups of
children, no di erence was found for the amplitude (knee angle), smoothness (Higuchi's fractal di-
mension [37]) and coordination (walk ratio and cyclogram) domains. However, stride time rhythm,
stride length and also stride time, stance time and stride length variability found increased in daily
life. As a contrary, speed decreased in daily life for both groups, from 1.15 to 0.91 m/s for CP
children, and from 1.28 to 1.15 m/s for TD (median value). The authors observed more di erence
between conditions in TD children than in CP children, that could be due to the heterogeneity
among children with CP. Moreover, this can be the consequence of better capability of TD children
to adapt their gait to the context. Children with lower capacity may have di culties to e ciently
respond to unpredictability [38].

To summarize, children with CP have di erent gait abnormalities causing a huge diminu-
tion of walking speed and step length, a larger step width, and more time in double support.
These di erences were observed both in laboratory and in real environment. These gait disorders
contribute to reduced mobility and motor function, which a ects their daily activity.  This initial
observation has contributed to the choice of focus point on spatiotemporal gait parameters, and
especially walking speed.
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2.3 Therapeudtic strategies

Although the brain injury that causes CP cannot be healed, the resulting physical im-
pairment can be managed with a wide range of treatments and therapies, more or less invasive.
Not every child with CP will follow the same "healthcare pathway" because of the diversity of
impairments, that we have exposed previously. Physical therapy, occupational therapy, speech and
language therapy, along with adaptive equipment, are the most common options for children with
CP. Other therapies such as drug therapy, surgery, assistive technology, complementary medicine
also exist.

In the following section, we will overview the therapeutic strategies adopted for children
with CP, from clinical evaluation (2.3.1) to conventional care (2.3.2).

2.3.1 Clinical Evaluation

The rst therapeutic strategy is a thorough clinical evaluation to individualize and adapt
these interventions. The most common assessment tool to measure body functions and structure
is physical examination , assessing joint mobility, tone, spasticity, muscle strength, and the
degree of selective muscle control. In 2017, in the Fondation Ellen Poidatz gait laboratory, two
phases had been completed to standardize this clinical examination: a review of the literature
and a consultation with focus groups (multidisciplinary team). As a result, we have identi ed 34
measures plus their standardized instructions.

In complement to this clinical examination, and to quantify more precisely musculoskeletal
impairments, and also to monitor progress and outcomes on the gait patterns which evolve, the
Clinical Gait Analysis (CGA) is currently integrated into clinical practice [39]. Moreover,
statistical models and machine learning techniques using patient data from the clinical exam and
CGA can also provide essential and relevant information for treatment planning [40 42].

Supplementary questionnaires, tests, clinical observation, based on the ICF framework
assess Participation, Quality of Life and Activity. Participation is de ned as a person's involvement
in a life situation, including domestic life, school, community, social, and civic life. Examples of
outcome measures are the Paediatric Evaluation of Disability Inventory (PEDI) and the ABILOCO-
Kids. Quality of Life is de ned as the impact of disease and treatment on physical, psychological
and social functioning, that could be assessed with the Cerebral Palsy Quality of Life questionnaire
for Children (CP-QOL). Activity is divided into three sub-domains :

a. activity capacity  that represents a person's ability to execute a task in a standardised
environment. This could be assessed with the Gross Motor Function Measure 66- or 88-
item (GMFM-66 or GMFM-88). Walking capacity  could be evaluated more speci cally
with standardized tests such as 6 Minutes Walking Test (6MWT), Muscle Power Sprint Test
(MPST) and Shuttle Run test (SRT). We will describe in details these three tests in Section
5.4.2 because we have used it in our randomized control trial (Chapter 5).

b. activity capability  that de nes a person's ability to execute a task in his or her daily envi-
ronment. This could be evaluated with the Activities Scale for Kids (ASK) and International
Physical Activity Questionnaire (IPAQ).

c. activity performance  represents what a person actually does in his or her environment.
This could be assessed with accelerometers and pedometers.
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2.3.2 Conventional care

In 2020, Novak et al. have updated their fantastic work rst published in 2013 about
the interventions for preventing and treating children with CP. This state of the evidence "Tra c
Lights" is probably the most broadly shared in the community [43] (Figure 2.4).

In this subsection, we will describe intervention strategies for Motor (2.3.2.1), Early In-
tervention (2.3.2.2), Tone (2.3.2.3) and Contracture & Alignment (2.3.2.4), linked to our work and
we will make a brief overview of their e cacy.



Figure 2.4 State of the Evidence Tra ¢ Lights 2019
Novak et al. [43]
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2.3.2.1 Motor interventions

Novak et al. presented an apparent dichotomy in the evidence base for what works
and does not. Motor interventions that improve function and performance are action observation
training, bimanual training, constraint-induced movement therapy, functional chewing training,
goal-directed training, mobility training, treadmill training (green lights, "go" intervention). Addi-
tionally, virtual reality serious gaming is classi ed as yellow lights, weak positive. When combined
with task-speci ¢ motor training, this may augment the positive e ects of training [44].

Furthermore, the French Haute Autorité de Santé (HAS) prioritized strengthening ex-
ercises, aerobic exercise, cardiorespiratory training, and functional gait training [45]. The HAS
also recommended intensive rehabilitation programs, such as Hand and Arm Bimanual Intensive
Therapy Including Lower Extremity (HABIT-ILE). During ten days, therapists delivered 90 hours
of functional and play activities. Both upper and lower extremity functions (AHA, ABILHAND-
Kids, PEDI, 6MWT, ABILOCO-kids) progressed [46].

A recent randomized controlled trial tested a combined progressive resistance and func-
tional anaerobic training program. They showed improvements in plantar exor strength, peak
anaerobic power (MPST), functional strength (total number of repetitions performed in 30 s for
three functional exercises), agility (1005 m sprint test), and walking distance (6MWT) [47]. An ex-
ample for an e ective gait training protocol was given by Zwinkels et al. [48]. They have evaluated
the e ects of 8-weeks of High-Intensity Interval Training, including a series of walking sprints on
tness in youth with physical disabilities. They highlighted positive e ects on health, in particular
on anaerobic performance (MPST), agility (1005 m sprint test), aerobic performance (SRT), and
systolic and diastolic blood pressure. Moreover, a recent systematic review reported the positive
e ect of functional gait training on walking speed, gross motor function, walking endurance, and
functional mobility [49].

Physical activity has signi cant health bene ts for the heart, body, and mind among
motor intervention. The WHO recommended that adolescents living with disability should do
at least an average of 60 minutes per day of moderate-to-vigorous intensity, including aerobic
activities, strengthening exercises, at least three days a week [50]. Although the HAS recommended
including physical activity and sport as part of the overall management of people with CP, the
report pointed out that there were few clues as to the dose, intensity, and activity to be preferred
[45]. Physical activity intervention is classi ed as yellow lights, weak positive on walking, tness
level, participation, and quality of life [43].

2.3.2.2 Early Intervention

The improvement of early diagnosis in CP allows the development of early interventions.
These child-active motor learning early interventions, such as baby-CIMT (which is an adaptation
of the Constraint-Induced Movement Therapy), appeared to confer improvement in motor and
cognition skills [51]. Other novel interventions (baby-bimanual, Goals Activity Motor Enrichment,
small steps) have reported positive gains in movement skills (yellow lights, weak positive) [43].
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2.3.2.3 Tone

Spastic contractures could be treated with casting and night splinting. Intramuscular
injection of BONT-A is widely practised but the bene ts and risks are not well known. Novak
et al. highly recommended Botulinum Toxin (BoNT) to reduce spasticity, and BoNT+casting
to improve passive range of motion (green light) [43]. But some studies point out the negative
long-term e ects such as weakness and atrophy of muscle [52].

Selective Dorsal Rhizotomy (SDR) is an invasive procedure that consists cutting the
excitatory nerve bres emerging from the proprioceptors in the muscle spindles. This procedure
is questioned today, because it has been shown that 22% to 59% of patients required additional
treatment with oral medication, BoNT, or intrathecal baclofen pumps and the long-term e ect
on spasticity remains uncertain [53]. Moreover, the interventions that reduce spasticity do not
increase the activity or gross motor function in children with CP [18].

2.3.2.4 Contracture & Alignment

Once a contracture has begun to develop, serial casting can be applied to e ectively reduce
or eliminate early/moderate contractures in the short term (green light) [43]. An e cient strategy
to correct severe contracture to maintain alignment, muscle length and optimize biomechanics is
Single-Event Multi-Level Surgery (SEMLS). This orthopedic surgery is de ned as corrections of
soft tissue and/or bony deformities at a minimum of two anatomical levels during a single operative
event. The advantage is that only one hospital admission and recovery period are required. Surgical
Interventions can be :

Muscle lengthening  (Psoas, Medial and/or lateral hamstrings, adductor, apneurotic
gastrocneumius-soleus, apneurotic gastrocnemius)

Transfer (Rectus femoris transfer, foot tendon, patella lowering)
Release (Rectus femoris release)
Tendon lengthening  (Tendon Achilles, foot tendon)

Osteotomy (Femoral derotation or de exion osteotomy, tibia derotion osteotomy, foot os-
teotomies)

Therefore, SEMLS is a powerful intervention to simultaneously address the biomechanics of gait
and minimize repeated surgeries (yellow light). We will develop the results of this surgery in the
next section 2.4.

2.4 Focus on Single-Event Multi-Level Surgery

As we have seen in the previous paragraph, SEMLS has been recommended to treat
contracture and joint alignment [43]. In the following section, we are providing a brief outline
of the results of SEMLS (2.4.1) and we will present our literature review on rehabilitation after
SEMLS (Article 1) (2.4.2).
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2.4.1 Postoperative Results
2.4.1.1 Muscle Strength

Thomason et al. [54] assessed static muscle strength using a manual dynamometer before
and 1 year after SEMLS. In their study, the authors tested a lower extremity muscle strengthening
program with progressive resistance between th&“ and 6" postoperative months. The results
POST-PRE were not statistically di erent. Moreover, as reported in Table 2.1, muscle strength
parameters grew slightly, remained the same or decreased.

Pre-operative | 1y Post-operative
Leg Press 1 1RM (kg) ‘ 116 (+/- 33) 110 (+/- 40)
OIERIINNEN(Y)I 11.5 (+/- 2.5) 11.2 (+/- 4)
Hip Extensors (kg) —[RIZNGIAPE:)) 7.2 (+- 3.3)
Hip Abductors (kg) (NI E)! 6.7 (+I- 2.4)
Ankle Extensors (kg) [RAGAA) 10.3 (+/- 4.5)

Table 2.1 Pre- and post-operative muscle strength outcomes in children with cerebral

palsy. The one repetition maximum (1RM) is a measurement of the greatest load (in kilograms)
that can be fully moved (lifted, pushed or pulled) during a single exercise.In red, negative results.
In green, positive results.

2.4.1.2 Range of Motion

One year postoperative, most of the passive joint range of motion (ROM) at the lower
limb joints after SEMLS were improved. These results have persisted 2 years after surgery. From
8 studies, hip and knee exion deformity (in french, " essum") decreased and hip, knee and ankle
ROM were also enhanced in most of studies [54 61]. To facilitate interpretation of the various
results, an average of these parameters for the included studies has been calculated (Figure 2.5).

Figure 2.5 Evolution of ROM after SEMLS on children with cerebral palsy. Means are
extracted from 8 surgical case series [54 61].
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2.4.1.3 Kinetics & Kinematics Gait Parameters

SEMLS resulted in good improvement in most kinematics and kinetics gait parameters,
in particular for knee ROM, knee exion and ankle dorsi exion at initial contact and minimal knee
exion in stance phase, but also for maximum dorsi exion in stance and in swing phase, and foot
progression angles [62, 63].

2.4.1.4 Spatiotemporal Gait Parameters

In their systematic review in 2012, McGinley et al. showed that general spatiotemporal
gait parameters were unchanged or declined after SEMLS in 7/15 studies [62]. In a more recent
systematic review, Lamberts et al. [63] reported signi cant improvement for stride length in 46% of
the studies. On the other hand, mixed results were found for walking speed (69% unchanged, 24%
improvement and 7% deterioration) (Figure 2.6). The Minimal Clinically Important Di erence
(MCID) for increase in walking speed is 0.1 m/s [49]. This number has been reached in only 4/17
studies in [63], and only these with a long-term follow-up (more than 3 years). Similar ndings
concerning unchanged walking speed were reported in other studies [64,69]he stagnation or even
degradation of walking speed observed during the rst year after surgery encouraged us to focus our
work on this speci ¢ spatiotemporal gait parameter.

Figure 2.6 Walking Speed Evolution before and after SEMLS. This gure presents a
synthesis of the results published by Lamberts et al. [63] Color Code : in red, studies that show a
decrease walking speed after SEMLS ; in green, studies that show an early improvement (during
the rst year after SEMLS) or a late improvement (more than 1 year after SEMLS)

2.4.1.5 Activity & Participation

These ICF domains are still poorly evaluated after SEMLS. The Gillette Functional As-
sessment Questionnaire (FAQ) was improved in 3/3 studies whereas no improvement on the Gross
Motor Function Measure (standing and walking dimensions) was observed [62].
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2.4.2 Rehabilitation after SEMLS (Article 1)

The term "SEMLS" actually encompasses a wide range of surgical techniques, patients'
characteristics are very diverse, and, as we will see, postoperative rehabilitation di ers signi cantly
among studies. As we have demonstrated above, SEMLS e ectively improves several parameters,
but results are mixed for some spatiotemporal parameters such as walking speed. Additionally,
its e ects on activity and participation remain discussed. Regarding those results, we would like
to clarify that these studies do not solely assess the impact of SEMLS but the impact of SEMLS
associated with postoperative rehabilitation. Indeed, the community unanimously agrees that
postoperative rehabilitation is crucial to SEMLS success. But there is no actual consensus regarding
intensity, frequency, type of exercise, period of immobilization, and prescription of orthoses. Both
clinicians and researchers recommended that the postoperative rehabilitation content/duration
should be better described in reports of SEMLS studies [62].

At the outset of this thesis, we have conducted a literature review on the rehabilitation
after SEMLS for children and young adults with CP. This review sought to describe and analyze
published protocols for rehabilitation after SEMLS for people with CP, to identify their di erences
and limits, and to introduce a common step-by-step framework for future descriptions and assess-
ments of postoperative rehabilitation protocols.

The MEDLINE, Embase, CINAHL, and the Cochrane Library databases were searched.
Inclusion criteria were as follows: (1) single-event multilevel surgery, (2) full-text reports pub-
lished after 1985, and (3) articles with a method section describing the rehabilitation protocol.
Interventions were coded using the Oxford Levels of Evidence and the Methodological Index for
Non-Randomized Studies Index (MINORS).

Twenty-four articles were included in the review. Studies included patients aged 4 30
years with spastic cerebral palsy (hemiplegia, diplegia, and quadriplegia). Postoperative rehabil-
itation in most included reports took place in a rehabilitation center (69%) and continued for
4.5 months (4 sessions/week). However, the di erence among studies was large, regardless of the
surgery type and the patient's functional level. This review provides relevant information about
the modalities, contents, limits, and di culties associated with the post-SEMLS rehabilitation
protocol reported in the literature. This review identied ve steps in the post-SEMLS rehabili-
tation protocol that could/should be described more precisely in terms of objective, content, and
intensity in all future studies assessing SEMLS. This ve-step framework allows a more precise
and comprehensive description of postoperative rehabilitation (Figure 2.7). Pain during the rst
and second steps was identi ed as a major problem. Moreover, the authors insisted on two main
axes of the fourth step : muscular strengthening and gait training that should be more intensive
and more qualitative. This review has considerably oriented our work on this speci c step, and the
idea of gait training is certainly a path which we have attempted to explore.
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Figure 2.7 The 5-step Framework for Rehabilitation after SEMLS

Strengths of this study

= This is the rst literature review focused on rehabilitation after SEMLS for children
with CP

= This review identi ed problems, di culties, and limitations of this rehabilitation

» This review proposed a ve-step framework for future description and assessment of
postoperative rehabilitation programs

This work has been presented during theSociété Francaise de Médecine Physique Et
Réadaptation - World Federation for NeuroRehabilitation Congressin October 2020. This paper is
attached to this thesis manuscript as published in the American Journal of Physical Medicine &
Rehabilitation journal in 2021 [66].
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