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General introduction

The treatment of the Cerebral Pal sy (C
the whole field of the pediatric rehabilitation. The reason why this pathology has such
a primary roé, can be ascribed to two main aspects. First of all CP is the form of
disability most frequent in childhood (one new caser 500 birth alive, (1)),
secondarily the functional recovery of t
field in which he majority of the therapeutic methods and techniqplegs{otherapy
orthotic, pharmacologic, orthopeesargcal, neurosurgical) were firsapplied and
tested. The currently accepted definition of CPGroup of disorders of the
development of movementdaposture causing activity limitatiof2) i is the result of
arecentupdate by the World Health Organization to the language of the International
Classification of Functioning Disability and Health, from the original proposal of
Ingrami A persistent buhot unchangeable disorder of posture and moveineated
1955 (3). This definition consikekC P as a per manent ail ment,
that however can be modifidabth functionaly and structurdy by means of child
spontaneous evolution anctatmentscarried outduring childhood. The lesiothat
causs the palsy, happens in a structurally immature brain in the pest or post
birth peiod (but only during the firatnonths of life).

The most frequent causes of CP are: prematurity, ingrificerebral perfusion,
arterial haemorrhage, venous infarction, hypoxia causedvarious origin (for
example fom the ingestion of amniotic liquid), malnutrition, infection and maternal or
fetal poisoning.In additionto these causes, traumas and maifations have to be
included The lesionwhetherfocused or spread over the nervous system, i fzar
whole functioning of the Central Nervous System (CNS). As a consequieaffects
the construction of thadaptive functiong4), first of all posturecontrol, locomotion
and manipulation. Thealsyitself does not vary over time, howeverit assumes an
unavoi dabl e @ e wbdndutinggrowth the anild fsegaestedo necet
new and different needs through the constructiameaf and differenfunctions.

It is essential to consider that clinically CP is not only a direct expression of
structural impairmentthat is of etiology, pathogenesis and lesion timing, but it is
mainly the manifestation of thpathf ol | owed by tchnstruc@GHgdS t o
adaptive functions fAdespiteod the foren ofthee s enc
function that is implemented by an individual whose CNS has been damaged in order
to satisfy the demands coming from the environon@t Therefore it is only possib
to establish general relations between lesion site, nature and size, and palsy and
recovery processes. It is quite common to observe that children with very similar
neuroimaging can have very different clinical manifestations of CRamthe other
hard, children with very similar motor behaviors can have completely different lesion
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histories. A very clear example of this is represented by hemiplegic forms, which
show bilateral hemispheric lesions in a high percentage of cases.

The first section of tlsi thesis is aimed at guind) the interpretation of CP. First of
all the issue of the detection of the palsis treated from historical viewpoint.
Consequently, mextendedanalysis ofthe currentdefinition of CP, as internationally
acceptedis provided The definition is then outlineth terms of aspacedimension
and then ofa time dimension, hence it ishighlighted where this definition is
unacceptablyacking The last part of the first section further stessthe importance
of shifting from the tradional concept of CP as palsy of developmen(defect
analysis) towards the notion afevelopment of palsy.e., as the product of the
relationship that the individual however tries to dynamically build with the
surrounding environment (resource semeg)tistarting and growinffom a different
availability of resources, needs, dreams, rights and duties (4).

In the scientific and clinic community rmommonclassification system of CP has
so farbeenuniversally accepted. Beside® standard operative riied or technique
have been acknowledged to effectively assess the different disabilities and
i mpairments exhibited by <c¢children with
comprising several causes and clinical syndromes that have been grouped fogether
aconvenienc@f management 0 ( 5) . commomprotoeols kbleo f st ¢
to effectively diagnose the palsy, and as a consequence to essaieligictreatments
and prognosis, is mainly because of the difficultelevatethis field to a levelbased
on scientificevidence

A solutionaimed at overcominthe currentincompletetreatmentof CP children is
represented by the clinical systematic adoption of objective tools able to measure
motor defects and movement impairments. A widespread appticaf reliable
instruments and techniques able to objectively evaluate both the form of the palsy
(diagnosis) and the efficacy of the treatments provided (prognosis), cossttute
valuable method able to validate care protocols, establish the effitalassification
systems andssesshevalidity of definitions.

Since the 680s, instruments specificall
movement have beeavantageouslgesigned and applied in the context of CP with
the aim of measurg motor deficits and, especially, gait deviations. §aé analysis
(GA) technique has been increasingly used over the years to assess, analyze, classify,
and support the process of clinical decisions making, alloviimga complete
investigation of gait wWh an increasedtemporal and spatial resolution. GA has
provided a basis for improving the outcome of surgical and nonsurgical treatments and
for introducing a new modus operandi in the identification of defects and functional
adaptations to the musculasé&tal disorders.

Historically, the first laboratories set up for gait analysis developed their own
protocol (set of procedures for data collection and for data reduction) independently,
accordingto performances of the technologi@gailableat that timeIn particular, the
stereophotogrammetric systems mainly based on optoelectronic technstmgy,
be@me a goldstandard for motion analysis. They have bsecessfullyapplied
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especially for scientific purpose Nowadays the optoelectronic systems have
significantly improved their performances in tesiof spatial and temporal resolution,
however many laboratories continteeuse the protocols designed thetechnology
available in thed 7 Garsd now out-of-date. Furthermorethese protocolsare not
coherem both for the biomechanical modshnd fortheadoptedcollection procedures.

In spite of these differences, GA data are shared, exchanged and interpreted
irrespectivelyto the adoptedprotocol withouta full awareness to what extent gee
protocols areompatible and comparable wigach other.

Following the extraordinanadvances ircomputer science and electraninew
systems for GAno longerbased on optoelectronic technology, amv becoming
available. They are the Inertial and Magnetic Measurement Systems (IMMSs), based
on miniature MEMS (Microelectromechanical systems) inertial sensor technology.
These systems aopst effectivewearable and fully portable motion analysis systems,
these features gives IMMSs the potential to be uBeth outside specialized
laboratories and teonsecutivecollect series of tens ofjait cycles. The recognition
and selectiorof the most representative gait cycle is then easiernam reliable
especially in CP children, considering their relevant gait cycle variability.

The second section of this thesis is focused on GA. In particular, it is firstly aimed
at examiningthe differences among five most representafi¥eprotocols in ordeto
assess the state of the art with respetiie interprotocol variability. The design of a
new protocol is then proposed and presented with the aim of achieving gait analysis on
CP children by means of IMMS. The protocol, name® u t wcantalnoginal and
innovative solutions oriented at obtaining joint kinematic with calibration procedures
extremely comfortable for the patients. The results of a firstvio validation of
Outwalk on healthy subjects are then provided. In particter study vas carried out
by comparing Outwalk used in combination with an IMMS with resfueatreference
protocol and an optoelectronic system. In order to set a more accurate and precise
comparison of the systems and the protqaishoc methods were designedi am
original formulation of the statistical parameter coefficient of multiple correlation was
developed aneffectively applied On the bas of the experimental design proposed
for the validation on healthy subjects, a first assessment of Oytiwgkther with an
IMMS, was alsacarried out orCP children.

The third section of this thesis is dedicated to the treatment ofingalk CP
children

Commonly prescribed treatmerits addresmg gait abnormalities in CP children
include physical therapy, surgeforthopedic and rhizotomy), and orthoses. The
orthotic approach is conservative, being reversible, and widespread in many
therapeutic regimes. Orthoses are used to improve the gait of children with CP, by
preventing deformities, controlling joint positipand offering an effective levéor
the ankle joint. Orthoses are prescrifedthe additionalaims of increasing walking
speed,improving stability, preventing stumblingand decreasg muscular fatigue.

The anklefoot orthosis (AFO), with a rigid afd are primarily designed to prevent
equinus and othdpot deformities with a positive effect also on more proxijomts.
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However, AFOs prevent the natural excursion of the iarsic joint during the
second rocker, hence hamipegrthe naturalleanirg progression of the whole body
under the effect of the inertia (6). A new modular (submalleolar) astracgltenear
orthosis, named OMAChasrecentlybeenproposed with the intentioof substituting
the prescription of AF®in those CP children exhilniig a flat and valgupronated
foot.

The aim of thissection is thus to present the mechanical and technical features of
the OMAC by means of an accurate description of the device. In particular, the
integral document of thdeposited Italiapatentis provided. A preliminary validation
of OMAC with respectto AFO is also reported as resultbtdm an experimental
campaign on diplegic CP childrerduring a three monthperiod aimed at
quantitativelyassessinghe benefit provide by the two orthosesnowalking andat
qualitatively evaluahg the changes in the quality of life and motor abilities.

As already stated, CP isiniversally considered as a persistent but not
unchangeable disorder of posture and movent&myversely to this definition, some
clinicians (4) have recentlypointed out that movement disorderay be primarily
caused by the presence pdrceptivedisorders whereperceptionis not merely the
acquisition of sensory information, but an active process aimed at guiding the
execution of meementsthrough the integration of sensory information properly
representing the state o fChinerewittperdemivey and
impairmentsshow an overallfear of moving and the onset sfrongly unnatural
walking schemesdirectly caised by the presencedrceptive systemisorders

The fourth section of the thesisusdeals with accurately definindpe perceptive
impairment exhibited by diplegic CP childreA detailed description of thelinical
signsrevealing the presence thie perceptive impairmeranda classification scheme
of the clinical aspects of perceptual disordésprovided In the end, aunctional
reaching test igproposed asn instrumental test able tdisclosure the perceptive
impairment.
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Chapter 1

GUIDE TO THE INTERPRETATION OF
CEREBRAL PALSY

Abstract

The term O6éCerebral Pal syéb (CP) common
characterizedby chronic motor impairment due #n early occurrence of a stable
lesion to the brain. The motor disability in @mmonly includes several aspects of
organizatiorand control of movement and posture. The motor impairment may lead to
orthopediccomplicatons that further restrict motor abilities. Other clinical problems
may be associated with motor impairment because of lesions caused by the same
pathological processr because of restricted motor development. Associated problems
may include sensory anaqeeptual impairment, notably visual impairment, cognitive
impairment, affective antbehavioraldisturbances. Given its inclusiveness the term
implies a lot of heterogeneity in terms @fiology as well as types and severity of
motor and associated disatids. However, the designation has remained in universal
use by clinicians, therapists, epidemiologists and researchers.
The aims of this chapter are to:
1. briefly introduce to the nature of the defect through an historical analysis of the
diagnostic procesof CP,starting fromthe identification of the motor defects
up tothe recognition of the perceptive impairments, underling the contribution
provided by gait analysis;
2. present the main, universally accepted clinical definitionCBy thus proving
why CPis not properly a diseasend whyit must be considered as an
interaction problem between the individual and the environmieninvolves
and acts on differenévels of functiomg, disability and health.

This chapter is largely based tire studiepublished in the book of Ferrari. &t al.,
AfThe spastic forms of cerebral pal sy: a
publishedoy Spinger in 2009.
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1. Cerebral Palsy detection : from John Little to the present

As for many essential aspects of human life, William Shakespeare wrote an
outstanding description of a person affected by cerebral palsy (CP), through the words
uttered by the Duke of Gloucester, future King Richard Ill, by which he hints at his
conditionas being related to prematurity and respiratory disorders.

al, t hat am curtaildéd of this fair pr o
nature, deformb6bd, wunfinishdd, sent before
made up, and thatsolammel and unfashionabl e that dogs |
(William Shakespeare, Richard Ill).

Historical documents report how the existence of children with movement
disorders was already known at the time of the Sumerians, and certainly Hippocrates
wasaware of this disease (1,2). However, the first detections and descriptions of CP
certainly date back to the Victorian age.

Sir John Little was the first to describe this disease, even though he did not employ
the term ficerebral oflB61g3).de especiallyiinvestijadetho u s
deformities developing in individuals with generalized spasticity. In 1861, he
published a report of his experience based on 20 years of clinical investigations on this
type of disorder, supported by a rich datdemtlon on possible correlations between
pregnancy or delivery disorders and the resulting alterations of the physical and
psychological development of children presenting with articular deformities. Little
maintained that both spasticity and deformitiesevcaused by asphyxia and cerebral
hemorrhage secondary to delivery distress. A new nosological entity was then defined
and named ALittleds Diseaseo.

Sigmund Freud, in his fADie infantile Ce
written in 1897 (4), imestigated the causes of these motor disorders, ascribing, in
contrast with Little, more importance to gem birth and to intrauterine development
disorders than to distress suffered during delivery. It is interesting to notice how, in the
same work, Fud points at the inadequacy of t h
purely clinical category, related neither to a precise and single etiology nor to a precise
and single anatomopathological picture. He then concludes by incorrectly predicting
that this dénition would soon be abandoned and replaced by different and more
precise ones.

In the first part of the 19th century until the Second World War, the interest in the
investigation of spastic disorders in children remained quite low. Very few were also
the attempts to establish rehabilitation programs, which were received with little
enthusiasm.

Immediately after the Second World War, medical research revived the interest in
this field, with the rapid creation of many specialties and a renewed focusataedis
children and their social and environmental context. Advances in obstetrician
assistance techniques and more sophisticated instruments of neonatal intensive care
significantly reduced overall mortality, but also allowed the survival of a larger
numbe of individuals at risk. This rapidly led to the investigation of new and more
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appropriate working methods in different professional fields. Progress achieved in the
investigation of genetic and metabolic diseases and their consequences on the central
newvous system allowed a redefinition of many clinical pictures that were previously
classified under the still nonspecific diagnostic label of CP. In this background, in
1947, the American Academy for Cerebral Palsy (AACP) was founded. Conceived as
a multidisciplinary professional association aimed at promoting research in the field of
infant disability, AACP gathered the most important clinical disciplines and their
corresponding activities of motor therapy, psychopedagogy and psychology. The
founders of AAQ represented different clinical specializations, including neurology,
pediatrics and psychiatry.

In 1957, driven by the need to clarify the terminology used in different parts of the
world, but also aiming at raising consensus about the classificaticiP,0an AACP
conference was held. A definition, which is still very popular today, resulted from the
conference, according to which CP must
unchangeable disorder of posture and motion, due to a cerebral defect-or non
progressive lesion, which took place before the brain had completed the main
morphofunctional maturation processes; the motor disorder is prevalent but not
exclusive, and may vary in type and sevVe
Ronnie Mac Keith ad coworkers in 1964 published, edited by Martin Bax, a
definition of CP which still has the widest international consensus, according to which
Afcerebr al palsy is a posture and moti on
immature brain. For practit aims, we need to exclude from cerebral palsy those
disorders of posture and motion which are 1) stesrh, 2) due to a progressive
di sease, 3) exclusively due to ment al roe
definition of CP remained quitenchanged for 50 years, probably thanks to its
simplicity and to the fact that it is functidrased. However, this definition nowadays
comprise important limitations, both theoretical and practical, and should probably be
updated considering the enormoumgress achieved in many detection techniques
and in clinical nosography (6).

Initially conceived as an orthopedic deficiency of neurological origin, it was
shortly recognized as a pathological condition involving more functional systems and,
as such, reqring the concurrent attention of different specialists and care services.
More recently, it has started to be more and more considered as a complex
developmental disorder, a disability that becomes increasingly evident during the
growth of the individualwhich, for this reason, deserves to receive early detection
and treatment. In such a way, this disease, initially considered as orthopedic by Little,
has become today the prototype of infant developmental disability.

Coming nowadays, beside the motor innpeents identified since the Victorian
age, some authors, Ferrari among the firsts, established the presence of perceptual
disturbances (7,6) as the main core of the disability. The clinical observation carried
out by these authors, pointed out that a soilng of CP children, among the diplegic
and the tetraplegic forms, show motor impairment not related to structural conditions
of the locomotion apparatus but rather to the failure of a complex neurological process
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that enables the individual to take in ttepatialtemporal aspes of sensory
information and on the base of their mutual coherencertluce organized motor
behavior. In other words, the cognitiperceptuamotor dysfunction that entails with

the inability to adapt and to integrate environmaénéxperiences is the main
responsible for the activity limitations in a large subgroup of CP children. This
impairment, defined Perceptive Impairment, beside the motor impairment should be
considered in the nosological definition of CP as the primaryreymelresponsible for

the longterm prognosis.

Being the movement problems the main core of treatments, the quantitative
measure of the movement by means of instrumental techniques covered a primary role
in the CP context. Beside the improvements in theedtigation of genetic and
metabolic diseases, historically CP was the first rehabilitation subject receiving
benefits from the application of the methods and techniques for the objgtctilyeof
the human movement (8,) . Si nce t he diBstrsnentstspgedficalyp pl i c e
oriented to the acquisition and the analysis of the movements and especially the walk,
has contributed substantially to the improvement in the treatment and in the diagnosis
of the disorders provoked by CP. The "gait analys@R)(is increasingly used to
assess, to analyze, classify, and to support the process of clinical decisions making,
allowing a deep and complete investigation of the gait in augmented temporal and
spatial resolution.

GA has became available for clinicaleuis the 80s after the engineers, Cappozzo
among the firsts, provided robust and reliable theoretical background able to translate
mathematical concepts into the clinical context. The development of biomechanical
models customized on ad hoc measurementtesys permitted to describe
guantitatively the gait features according with the clinical language (9). Perry (10),
Sutherland (1413) Davis (14) and Kadaba (15), have been pioneers in the clinical
application of gait analysis techniques to assist in trenrent of patients with CP.

The work of Perry and Sutherland has provided a basis for improving the outcome of
surgical and nonsurgical treatment of CP and for introducing a new modus operandi in
the identification of the defects and the functional adaptatto musculoskeletal
disorders in walking. Following the extraordinary evolutionary process of the
computer science, measuring systems for GA are becoming more and more cheap,
userfriendly and comfortable for patients (16). GA is therefore destindietome
increasingly a widespread and acknowledge tool for clinical and research activity on
CP children (17). Furthermore, offering an effective platform on which i) look at the

i mpairments through a fimagni fyi ngephgl asso
i) quickly exchange patients information among clinical and research centers, and iii)
monitor the state of the patient over the years, GA is also oriented to be used as an
outstanding didactic tool.

An extremely challenging time in the field of Gftherefore underway, with the
likely possibility to achieve with the aim of GA both the aim set out by Freud about
overcoming the concept of CP as a vague entity in favor of precise clinical pictures
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and to refine the treatments from the surgery tottieoses on the basis of the patient
resources and defects.

2. Definition of Cerebral Palsy

Starting from the original work of Mac Keith and coworkers and edited by Bax
(5), in which CP was considered asfipersistent but not unchangeable disorder of
pogure and motion, due tan organic and not progressive alteration of the cerebral
function, determined by preperi- and post natal causes, before its growth and
development are completgdhe definition with the current and widest international
consensst s t @etrebral Palsytlescribes a group of disorders of the development
of movement and posture, causing activity limitation, that are attributed te non
progressive disturbances that occurred in the developing foetal or infant brain. The
motor disordes of cerebral palsy are often accompanied by disturbances of sensation,
cognition, communication, perception, and/or behavior, and/or by a seizure didorder
(Bax, Goldstein, Rosenbaum et al (18)).

The worddisorderrefers to a situation, i.e. a final stand not to a disease, which
instead can improve or worsen and in theory can also be overcome. So actually a CP
child can be considered neither a sick person nor a healthy individual. The adjective
persistentreinforces the concept of disorder as a stadohd definitive situation,
therefore not evolving (to express this concept, the term fixed encephalopathy is also
used), while the expressiomt unchangeablpartly weakens this concept by showing
that motor and nemotor disorders provoked by CP can les@r improve or worsen,
spontaneously by itself or through treatment (6). These changes can be related to the
competence of the central nervous system (CNS) and to the structural conditions of the
locomotion apparatus (LA). With regard to worsening, ihéessary to note that,
although the damage does not itself evolve, environmental demands on the CNS
become more and more challenging over time, consequently worsening the disability
due to the deficiencies carried over from the past. The lack of a demation in fact
will subsequently hinder the acquisition of further functions related to it (14). The
expressioralteration of cerebral functiomnderlines that palsy provokes the inability
of the whole CNS, rather than the deficiency of one or mordesorgans. The word
cerebralhas to be interpreted, in a holistic way, as a synonym of CNS instead of a
synonym of brain (a system, as an operating coalition among different organs, systems
and structures, is always greater than and different from thea$uime singular
individual parts that compose it). The lesion indeed can also affect and impair other
structures (cerebellum, brainstem, etc.) and thus affect more than single areas of the
brain, the whole functioning @&NS. It is well know that the lesioof an organ can be
limited and isolated but it cannot be overcome. The lesion of a system can allow a
different functioning modality of the system itself (concept of network), but it affects
all the consisting parts.
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The expressiogrowth and developmeénf the nervous systemwhich refers to the
adjective ficerebral o rather than to the |
differs from palsy in adults, being characterized by a lack of function acquisition
instead of the loss of already acquirethctions. However, the expression remains
ambiguous, since it does not define which functions it refers to, although it is usually
attributed to motor functions (posture control, locomotion, and manipulation).

If, on the one hand, there can be alternagidletions, functional substitutions, and
adjustments that make the individual abl
(plasticity), on the other hand we must recognize that no system function will remain
undamaged by the consequences of the leJioarefore, CP rehabilitation cannot be
anything but dAglobalo. 1t is important to
all encompassing in itself and not just an intervention performed by a single therapist.
Rehabilitation does not have to Hesth the lesion as the loss of a more or less
important or large part of an organ or system, which can be at least partially
compensated by the activation of reserve or substitution structures. In CP, in fact,
palsy means a different functioning of theiee system (computational error), due to a
foreseeable internal coherence (getjanization), underlying the sbpal | ed finat u
historydo of any clinical form.

As every other asymptomatic child, a child affected by CP is a living system and
each experiete, event, and change will become a part of him and can never be
canceled. The therapy will only be superimposed on the system to guide it to a better
and more effective functioning (changeability, streamlining) but, in any case, without
ever managing tochieve some degree of normality.

Defects analysis (lesions) will have to be countered by resources availability
(functions). The traditional concept of CP as a palsy of development (defect analysis)
theoretically has to be replaced with the notiorde¥elopment of palsy (19), i.e., as
the product of the relationship that the individual however tries to dynamically build
with the surrounding environment (resourc
onthogenic development, through the interactath the external world, builds his
own representation of the world that is made up of facts and relations among facts,
that are hierarchically organized according to an increasing complexity, corresponding
to behavior strategies that allow himtosunive t he best possi bl e v
development is the expression of a dynamic interaction between biological maturation
and environment.

The term cerebral palsy does not only refer to an age, but it also describes the
specificity of child palsy as adl of function acquisition (compared to the usual age
of appearance), as opposed to adult palsy as loss of alieqdiyed functions. During
the construction of adaptive functions, precise development deadlines can be
recognized. Within these deadlineg tthild has to become aware of his needs and of
the rules related to the mechanisms and processes needed to comply with them.
AFunctional deadlines are dates within w
that are individual, neuromotor, cognitive, eiongl, environmental, technical,
family-related and social, must come together to develop those functions which are
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critical for the development, for example walking. The lack of even one of this
requisites at its appointment deadline can be sufficiebtdock a motor competence
that otherwise would be potentially read

Growing up while respecting the deadlines means to be able to face and solve
specific problems (needs, desires) once they become significant for the individual. In
rehabilitation of @ children, some functions can be proposed to the child only within
specific periods of time (in time) and that development is not just a sequence of
chronological acquisitions, regardless of why (needs and desires), when (importance
of the experience), arhow (influence of models and environment).

AThe intervention of gravity in motio
development moments. For example, if the action of gravity is modified in young rats,

a significant delay in locomotion development dsserved. Therefore, there is a

critical period for motricity, at around ten days after birth, during which the nervous
system needs gravity as a reference to organize movementadi nat i ono ( 2!
those functions acquired within determined periadst(deadlines) become part of the
individual 6s identity and therefore becc
CP, identity development is not always necessarily simultaneous with motor
development. This is why the rehabilitation of CP children irequa completely

different approach from the rehabilitation of adults with neural damage and, in terms

of methodol ogy, justifies the existence
re-educational treatment of the function loses its intrinsic megarkior example,

walking is an important goal between 0 and 2 years of age and between 3 and 5 years,
and it can still be so between 6 and 8 in some specific situations, while it is not so
important later on (outside time limit). Conversely, being ableutoreomously use a

manual or electric wheelchair instead becomes a important developmental progress.
This device can be proposed to patient already between 3 and 5 years of age, if
walking prognosis reveals negative. The continuation -edwecational treatent is to

be considered as unjustified if, after a reasonable period of time, no significant
modification has occurred (outside time limit (7)).

In CP, together with the space dimension, defining the nature and size of the
deficit (posture and gesturesdrder, perceptive organization disturbance, conceptual
deficiency, etc.), there is a time di men
ability to modify himself reduces according to age, while his adaptation to disability
progressively increasedzrom a primary damage of organs, systems, and CNS
structures directly related to the lesion site, there is a shift to a secondary damage
represented by a missing acquisition of motor, cognitive, communicative, and
relational competences (also from a motpgizal point of view: during the first
stages of cortical development, the lesion of a cortical area provokes defects in the
neuronal maturation of other areas, since they have no trophic support from the
damaged areads connect igoarslocgmotiannagparatus e n ¢
pathology occurs (weakness, fatigue, instability, range of joint movements limitation,
bone deformity, etc.), which further contributes to reducing the choice of freedom

provided by CPtothe ndi vi dual 6s CNSiltf).devel opment al



1 Guide to the interpretation of Cerebral Palsy 24

3. From a neurological to a rehabilitative diagnosis

When detecting a new CP case, the first task of the rehabilitation physician is to
translate to the parents the concept of lesion (loss of CNS anatomic and physiologic
integrity) into the conceypof palsy (alteration of produced functions). The therapeutic
proposals to modify palsy (physiotherapy, antispastic drugs, orthosis and devices,
functional surgerygtc.) will be accepted and agreed upon, and the achieved results
will be evaluated and pitvely judged, in proportion to in what way and how much

the idea of fApalsyod has been conveyed and
Neurological diagnosisconsiders palsy as the sum of the defects which are
present in the <childbds mot orpattereee)toire

however it does not sufficiently clarify their nature. It is therefore important to be able

to assess, beside the repertoire of defects, also the resources that are still available, be
they related to the individual or to the context hediin, and their applicability, since
rehabilitation treatment is precisely based on exploiting resources rather than

eliminating defects. ATherapyd can neithe
disguise them (inhibit pathological reflexes, makingnfiep ar et i ¢ pati ent s
symmetrical, etc.), nor can it solve thes@a | | ed fAdevel opment al d

will have to bring out the capabilities of the person considering his specific defects
and residual abilities within his living environmeng. his physical environment as
well as the social and cultural context (6).

The easiest way to make parents understand the problem of palsy is to introduce it
as a problem related touscles It could be a problem of weakness or of excessive
power. Hovever, it is difficult to explain how, in the same child, the same muscle can
be simultaneously too weak at one end and too strong at the other: rectus femoris
might be too weak as a knee extensor and too strong as a hip flexor, hamstrings might
be too wealas thigh extensors and too strong as knee flexors and so on.

It could be more adequate to conceive palsy @ementproblem, but only by
defining which elements alter it (measure, form or content). It might indeed be a

problem of measure: ontheonenhd t he fAspastico child who
whil e on the other hand the fAdyskinetico
to explain how, in the same fAspastico chi

there is also inability to stop mawg and stay still (postural control).

It could be a problem connectedrtmtion pattern (22). In CP, the type of palsy
can be recognized by competing patterns and its severity is indicated by their
aggressiveness and stereotype. It could be a probletaddtathe content of motor
activity, that is to say the relation between the chosen goal and the motor tool adopted
to achieve it. Hence, palsy could involve not just tools but also aims (palsy as poverty
of contents and rigidity of adopted strategiet)sInot just an inability to move but
more precisely an inability to act.

Time dimension does not fit into this interpretation: palsy is not just inability to act
in space, but above all it is immobility in time, the unsurpassable delay and eternal
promie of a future unachievable because it has already gone by. Time is the
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dimension of change, the true essence of growth. The lack of change measures palsy
severity (time without change, (6)). Therefore, it becomes necessary to think more
generally about theneaning of motion. Motion is the first and most important tool
possessed by the child to adapt (that is to say to become adequate) to the environment
in which he lives and, at the same time, to progressively be able to adapt this
environment to meet hispscific needs. In CP, palsy means being contemporarily
inadequate for the surrounding environment and unable to act on this in order to adapt
to it.

Interpreting palsy as aimteraction problem between the individual and the
environment rather than as argblem related to posture and motion represents to the
aut hords opinion a more effective start
concern Cerebral Palsy. In CP, palsy cannot be seen or interpreted as a loss, a
limitation, a stop, a stiffening, an sfacle, or a constraint but as a response attempt to
satisfy both the internal need to be adequate and the external need to adapt to the
immediate environment, created by a child whose nervous system has been
irremediably damaged.
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Gait analysis on CP children state of the art
and proposal of a protocol based on new
generation technology

Abstract

Data collection and reduction procedures, coherently structured in protocols, are
necessary in gait analysia order to make kinematic and kinetic measurements
clinically comprehensible. A protocol defines the biomechanical model and the
procedures necesy for data collection, processing, analysis and reporting of results.

Historically, the first laboratories set up for gait analysis developed their own
protocol independently, according tieir specific clinical requirements and to the
technologies avkable at that time. In particular, the stereophotogrammetric systems
mainly based on optoelectronic technology, doee a goldstandard for motion
analysis. Nowadays, the first protocols designed on the first stereophotogrammetric
systems are still currdgtused. However, they differ considerably for the madetr
and collection procedures, and for tlmplemented biomechanical model, i.e.
measured variables, degrees of freedom assigned to the joints, anatomical and
technical references, joint rotation ns@ntions, and terminology. In spite of these
differences, gait analysis data are shared, exchanged and interpreted irrespectively of
the protocol adopted withoatfull awareness to what extent gwealifferent protocols
can becompare to each other.

Thefirst aim of this chapter is therefore assesshe state of art in the variability
associatedvith the use of different protocols.

A comparison was made among five worldwide representative protocols by
analyzing kinematics and kinetics of the trunk vigehnd lower limbsontemporarily
during the same gait cycles. A single comprehensive arrangement of markers was
defined by merging the corresponding five maskets. Two healthy subjects and one
patient who had a special tvdegreesof-freedom knee prdisesis were analyzed.
Five corresponding experts participated in the data collection and analyzed
independently the data according to their own procedures.

Stereophotogrammetric systems present some relevant drawbacks as they are
costly, difficult to mowe and have a restricted field of view. These feattinesefore
limit their use tospecifically dedicated laboratories and restrict the acquisition of a
subjectds wal k tumderdorditionswvthichi canebs far framsteadyr i a |
state. In addion, the acquisition of gait in an unfamiliar and artificial environment,
such as that of a laboratory, can psychologically condition the subject, who will over
perform with respect to his/her everyday life ability.
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A possible solution to these problenssrepresented by the use of Inertial and
Magnetic Measurement Systems (IMMSs). IMMSs are commercially availedse,
effective and easily portable motion analysis systems. Owing to these features, the
IMMSs might allow the user to execute and acquire enoens in laboratoryfree
settings, in a continuous modality, for |l@rgoeriods; therefore, allowg for the
collecion of a great number of consecutive gait cycles dusipgntaneousvalking in
daily life environments.

The second aim of this chapter & ihtroduce the general features of the Xsens
system (Xsens Technologies, Npyesentedhere as a standard IMMBh order to use
IMMSs for movement analysis, ad hoc biomechanical models and collection
procedures have to be designed. The critical parhisfgrocess is thatonversely
from the stereophotogrammetric systeimis not yet possibld¢o obtaininformation
regardirg the position of the sensor§his implies that models and protocols
developed in the past are lomgerapplicable and different techniques muberefore
be conceived.

The third aim of this leapter is topresent a novel protocol namédOut wal k 6,
designed to measure the joint kinematics during gaéviry day environmenby
means of the Xsens system. Outwalk pnés original and innovative solutions
orientedat obtairing joint kinematis, without referring totrajectories of anatomical
landmarks. Furthermore, Outwalk was specifically developed to measureithorax
pelvis and lowetimb kinematics, in clinical settgs, on CP children and on
below/above knee amputees. For its use on CP children, special calibration procedures
and models assumptions were set up.

In the fourth section of this chapter, the validation of the novel protocol is
presented. In particular, Quilk wasvalidated on four healthy subjects when used in
combination with an Xsens system, against a reference protocol TICA® an
optoelectronic system, VicofOxford Metrics Group, UK). For this purpose, an
original approach based on three tests waseldped in afer to separately
investigate:

1) the consequences on joint kinematics of the differences betwemncols

(Outwalk vs. CAST),

2) the accuracy of theandware (Xsens vs. Vicon), and

)t he summation of protocol soéuwhlk+Xsensences
vs. CAST + Vicon).

Furthermore, in order toonclude that Outwalk isat the state of the art as standard

protocol for clinical measurement, it was compared with the performances collected

from the other five protocols assessed in the Besttion of this chapter under the

same experimental conditions.

In the fifth section a test of Outwalk on children affedbydCP is reported. This
experiment was aimed at investigagtthe validity of the Xsens system together with
Outwalk, when used oa pediatric pathologic population. The children involved were
firstly measured in combination with a reference system (Optotrak; Northern Digital
Instrumens, Canada) and protocol (CASThen measured in a reserved area outside
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the laboratory, while wearg just the IMMS,in orderto establish the influencef o
laboratory setting itselbn gait patterns and tassesshe Outwalk feasibility in
measuring the gait during long distances.

Finally at the end of this choMuttier , a
Correlationd (CMC) .CMCigpherbypmpotee ah syathetc a n a |
parameter able to effectively measure the overall similarity of-goigle waveforms
acquired synchronously through different media (e.g. different protoools
measurement systems), when #ifect of the media on wavefomsimilarity is the
only relevantaspect The new formulation of the CM@asalreadybeenused in the
validation of Outwalk, andhas beerproposed in order tbe particularly usefulwhen
comparingthe outcomesof different protocols especiallpr pathologic populations,
where the biological variability can be afgreater magnitude compared to healthy
subjects.






2 Comparison of five current protocols in gait analysis 33

Chapter 2

QUANTITATIVE COMPARISON OF FIVE
CURRENT PROTOCOLS IN GAIT ANALYSIS

Alberto Ferrari?, MariaGrazia Benedetti Esteban PavanCarlo Frigd, Dario
Bettinelli*, Marco Rabuffetfi, Paolo Crenna Alberto Leardinf

'Department of Electronics, Computer Science and Systéiniversity of Bologna, Italy
“Movement Analysisaboratory Istituti Ortopedici Rizzoli, Bologna, Italy
*MovemenBiomechanicsind Motor Control Laboratory, Polytechnic of Milan, Italy
4Aurion s.r.l., Milan, Italy

SCentro di Bioingegneria, Fondazione Don Carlo Gnocchi IRCCS, Milan, Italy

®.aboratorio per | 6Analisi del Movi mento nel
Human Physiology |, University of Milan, Italy

Published as:

FERRARI A,BENEDETTI MG, PAVAN E, FRIGO C, BETTINELLI D,
RABUFFETTI M, CRENNA P, LEARDINI A(20(8)

Quantitative comparison of five current protocols in gait anajysis
GAIT POSTURE_28(2):207216



2 Comparison of five current protocols in gait analysis 34

Abstract

Data collection and reduction procedures, coherently structured in protocols, are
necessary in gait analysis to make kinematic and kime#asurements clinically
comprehensible. The current protocols differ considerably formtkkerset and for

the biomechanical modé@hplemented. Nevertheless, conventional gait variables are
compared without full awareness of these differences.

A comparison was made of five worldwide representative protocols by analysing
kinematics and kinetscof the trunk, pelvis and lowémbs exactly over the same gait
cycles. A single comprehensive arrangement of markers was defined by merging the
corresponding fivenarkersets. This resulted in 60 markers to be positioned either on
the skin or on wandsind in 16 anatomical landmark calibrations tg@begormed with
an instrumented pointer. Two healthy subjects and one patient who had a special two
degrees of freedom knee prosthesigplanted were analysed. Data from-night
posture and at least threeitgapetitions were collected. Five corresponding experts
participatedin the data collection and analysed independently the data according to
their own procedures.

All five protocols showed good intqarotocol repeatability. Joint flexion/extension
showedgood correlations and a small bias amagngtocols. Oubf-sagittal plane
rotations revealed worse correlations, and in particular knee abduction/adduction had
opposite trends. Joimhoments compared well, despite the very different methods
implemented. fie abduction/adduction at the prosthetic knee, which was fully
restrained, revealed an erroneous rotation as large as 308 in one protocol. Higher
correlations were observed between the protocols siitflar biomechanical models,
whereas little influenceeems to be ascribed to the market
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1. Introduction

Protocols of gait analysis are intended to make kinematics and kinetics of pelvis and
lower limbs clinically interpretable [1,2,3,4]. A protocol defines a biomechanical
model and the procedures fatd collection, processing, analysis and reporting of the
results. Historically, probably because of theonstraintsimplied in the pioneering
technology only few laboratories have developed their own protocol independently
according to specific clinicakquirements [5]ln addition to the differentnarkerses

and collection procedurgsnany important differencesexist between thecurrent
protocolsalso in thebiomechanical modelwhich includes themeasured variables,
degrees of freedom assigned to phiats, anatomical and technical references, joint
rotation conventions, and terminolodw. spite of these differencegait analysis data

are shared, exchanged and interpreted irrespectively of the protocol adopted. Recent
international initiativesn clinical gait analysis, such as wabcessible services for
data repository [6] or data processing [7], do not impose strict rules about the explicit
indications of the protocol adopted. Although the considerable methodological
differences are expected to oguce inconsistent results, and therefore affect
considerably the clinical interpretation, it is still unknown to what extent the different
protocols used worldwide compare to each other.

The original 0 N e wvithe pigneeamd thenmastecombnly[used 9] i ¢
technique for gait data acquisition and reduction. It has been also the basis of many
commercial software packages, the most recent being-iRI@nit (PiG - Vicon
Motion Systems, Oxford, UK)Thepr ot oc o | devel oped at th
del | a Funzione L o-c[bOh aniplemeintadd diffqreBtAsedmental
anatomical references and external marker configuratinitle later, a distinction
between internal anatomical landmarks and external technical ma&enstroduced
[11]. Ths 6 Cal i brati on Anatomical System Tect
definitions of the references [12] andséandarcapplication [13]. Taking advantage of
recently published recommendations [14,1
del Movi ment o nel Bambinod (LAMB) [ 16] a
werealsoproposed. The latter was the basishokt s of t war e 6 Tat al 31
Aurion s.r.l., Milan, Italy).

The precision and accuracy of gait analysis experiments are certainly influenced
by the instrumentation used [18] but particularly by the interposition of soft tissues
between markers and bes, which have unpredictable effects [19,20]. In addition,
there is naturalntra-subject variability [2122], particularly associated to different
walking speeds. Furthermore, large differences have been observed among subjects
[23-27], mainly associatetb age, gender, body mass index, and probably to ethnic
characteristics. Intrg28] and interexaminer [29] gait data variability, resulting from
inconsistent bony landmark identification and marker positioning, has also been
underlined.Interlaboratoryvariability hasalso been analysed, before [5] and after
[30] relevant instructions provided to the examiners. However, all of these studies
were based on t he itsonddifisationg tinoting tadighed & o r
variability to that single protwl. A quantification of inteprotocol variability is
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fundamental to separathe variability associated to the protocol in itself from that of
all the other sources. Only a partial comparison between two software versions of the
O60Newi ngt on meeporadd 81]. ICansidefatdeadifferences were revealed in
many variable peaks although the mean difference over the gait cycle was less than 1°.
The purpose of the present study was to assess th@iiatecol variability of five
different protocolsand this was achieved by analysingxactly the same gait
acquisition. In order toemovethe variability associated repeated gait cycleand to
focus on variability associated to more conceptual differences, a single comprehensive
markerset was devised fno the union of the corresponding fiv&his would
contribute to giving a quantitative picture of all the sources of variability, from the
intra-subject to the inteprotocol. By looking at several repetitions of the gait cycle,
we were aimed alsat compaing intra- with inter-protocol variability. Finally, the
performance of these protocols was compared also by analysing the errors implied in a
special condition where oneint degree of freedom was known a priori.

2. Material and Methods

A single markeset was designed to implement the five protocolder analysis, i.e.
T3Dg [17], PiG [8,9], SAFLo [10], CAST [13], LAMB [16] by limiting the total
number of necessary markemhis ultimatelyincluded 60 markers (Figure 1): 22 on
each leg, 5 on the pelviend 11 on the trunk. The lateral and medial epicondyle
markers were included in a special cluster of three markers clamped to the femoral
condyles as required by SAFLo [10]. The two medial malleoli markers were removed
after static ugright posture acquition. As for the CAST, four technical markers were
attached toeach segmen{l13,19,32]. The great trochanter, medial and lateral
epicondyles, medial and lateral malleoli, head of the fibula, and tibial tuberosity were
also calibrated in each leg by usiagpointer on which two markers were located at
known distances from the tip [23]. All the other landmarks necessary for this
protocol were calibrated by using corresponding markers in a single staightip
posture.
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Fig 1. Diagram of the markeset (anterdaterali left and posterdaterali right
views) implemented for the experiments.

Two asymptomatic subjects (AF: 24 years, 188 cm, 74 Kg; BM: 24 years, 181 cm,
89 Kg) and one patient (SZM: 54 years, 177 cm, 95 Kg) were analysed. The latter had
a special knee prosthesis (MRH Knee, Stryker Corporation) implanted, which allows
rotations abut the medidateral axis of the femur (flexion/extension) and about the
longitudinal axis of the tibia (internal/external rotation), while preventing fully
abduction/adduction.

Marker trajectories and ground reaction forces were collected respectively b
eightcamera motion capture system (Vicon 612, Vicon Motion Systems Ltd, Oxford,
UK) and two force plates (Kistler Instrument AG, Switzerland) at 100 samples per
second. Data acquisitions were carried out in the presence of experts for each protocol,
who performed all together landmark identification and marker mounting. Each expert
took the relevant anthropometric measures required by his own protocol
independently. The subjects were asked to walk barefoot at their natural speed, and 5
6 walking triak were recorded.

After each acquisition session, 3D marker trajectories were reconstructed and the
right and left stride phases were identified. At least three gait cycles for each limb
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were selected on the basis of good quality of the marker trajecemgsgyround
reaction forces. For each selected gait cycle, the marker trajectories of each marker set
were extracted from the data file and provided to the expert of each protocol together
with relevant ground reaction forces. Distinct procedures for dift&ring or
smoothing, those characteristic of each protocol, were applied independently by each
expert. Neither normalisation nor afét subtraction was performed. Relevant gait
analysis results from the five elaborations and from the repetitions were t
superimposed in relevant plots, with a careful comprehension of the variable
correspondences, regardless of the different terminology adopted. The variable units
were unified, i.e. segment and joint rotations were expressed in degrees and joint
momentsn Newton per metre (Nm).

The mean absolute variability (MAV), i.e. maximum minus minimum values along
each frame averaged over all samples of the gait cycle [5,17,29,30], was calculated for
each variable. Once normalised by the range of the variableméam relative
variability (MRV%) was obtained. As for the joint moments, MAV and MRV%
applied only to the stance phase because CAST and T3Dg assume a zero value in the
swing phase. In order to identify separately wsbject variability, MAV and MRV%
were also calculated for some variables that are independent from prioteeal
processing, i.e. the vertical -wodinate of markers and ground reaction force.
Coefficients of correlation (Pearson moment) between any possible couple of
protocols were calcated by standard statistical analysis (Matlab, Mathworks, USA),
as used elsewhere [33]. The significance level of each correlation coefficient was
obtained by computing the\@lue. If the pvalue was small, say less than 0.001, the
correlation was statiglly significant. The mean over trials of the correlation
coefficients for each gadits tvrairbi uathiloen éw atsr ac
[34].

3. Results

A very small intrasubject variability for both kinematic and kinetic results was
obsered in each subject. In subject AF, MRV% for the verticabadinate of the
sacrum, lateral epicondyle and lateral malleolus was 9.0%, 9.2%, and 4.9%
respectively. MRV% of the vertical, mediateral and anterposterior components of

the ground reactionofce was 4.7%, 11.3% and 5.6% respectively. For these six
variables, the corresponding coefficients of correlations were 0.979, 0.979, 0.995,
0.973, 0.992 and 0.992, all with p<0.001. Because the variability over repetitions is
much smaller than that overotocols (Figure 2), a single representative trial is
reported from now on.
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Knee Rotaticn

% gait cycle

Fig 2: Internal/external rotation at the left knee of subject AF as calculated by
T3Dg (dash), PIG (dot lines), SAFLo (dadbt), CAST (black solid),
and LAMB (grey thicksolid) for all four trial repetitions.

Intra-protocol repeatability was high and similar for each protocol (Table 1). Not a
single protocol was found particularly sensible to subject variation over repetitions. In
particular, MAV was confined to 5° for the pi rotations, 7° for all joint rotations
and 18Nm for joint moments.
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Protocols T3Dg PiG SAFLo CAST LAMB
Rotations [deg] right | left |right | left |right | left | right | left |right | left
Pelvic Tilt 14 15 1.8 1.4 1.4
Pelvic Obliquity 1.0 1.0 1.0 0.9 1.0
Pelvic Rotation 4.8 4.8 4.8 4.9 4.1
Hip Flexion/Extension 33|28]35|30]32|38]34|26]35]29
Hip Abduction/Adduction 1712519 |27|23|24)17|26]|19]27
Hip Internal/External Rotation 31(29] 38|29]46|63]|35(30]41]29
Knee Flexion/Extension 35(20]34|22]131|31|34(21]35]21
Knee Abduction/Adduction 13]12]15(13]|]18|16]10|08]10]1.0
Knee Internal/External Rotation 2712712724140 |29]19(21]34 (31
Ankle Dorsi/Plantarflexion 241231 25|21 21|24)121|21]|27 |24
Ankle Eversion/Inversion 16| 1.8 12 123]16|17]05 |08
Ankle Abduction/Adduction 25|34 20(31]15|31]06 (08
Moments [N*m]
Hip Flexion/Extension 12.5|17.4] 14.0|15.5| 13.0( 15.6] 12.8|17.1] 10.1|15.6
Hip Abduction/Adduction 79 100] 73 |179] 80 |96] 82 |10.2] 55| 7.3
Hip Internal/External 20(11] 22|20 2111417 |10
Knee Flexion/Extension 8.7 [11.9] 8.3 |11.5]1 80 | 9.7 9.2 (11.6] 9.9 |11.9]
Knee Abduction/Adduction 40)168] 36|57]37|61]44]|64]|36 |57
Knee Internal/External 15(09] 26| 18 16 (11]115]|11
Ankle Dorsi/Plantarflexion 1401 9.2]114.7] 9.6 | 14.3(11.5] 13.9| 9.7 | 16.0| 11.0}
Ankle Eversion/Inversion 38|43 24 159]139|42]30]|29
Ankle Abduction/Adduction 41 ] 3.2 14 (16] 53|40

Table 1: Intra-protocol variability along the four trials across eachmtjobtation
and moment variables for subject AF. The average value of the maximum
minus minimum over each sample (MAV) is reported for the right and left
leg for each protocol.

Overall, a general uniformity was found among the five protocols for most of the
variables in all three subjects, a typical subjééi- being reported in Figures 3 and 4.
Good consistency was observed for all joint flexion/extensions, acceptable caysisten
was found for pelvic rotations, for hip eaf-sagittal plane rotations and for all joint
moments. Poor consistency was found for trunk rotations andf@agittal plane
rotations in knee and ankle joints. In particular, though limited to the swiageph
abduction/adduction of the right knee (Figure 3) reveals large adductions in PiG, small
adductions in T3Dg and LAMB, nearly no motion in SAFLo, and small abductions in
CAST.
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Fig 3: Kinematics variables as calculated by the 5 protocols (linessigs in
Figure 2) and relative to only one complete gait cycle of subject AF. Trunk,
pelvis, and right and left hips, knees, and ankles are reported over the rows;
sagittal, frontal and transverse plane rotations over the columns. All five
protocols revelaabnormal motion at the left knee (see Discussion for more
details).
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Fig 4: Kinetic variables of subject AF, line styles as in Figure 2. The convention
adopted was that of the external moment, i.e. the resultant moment of the
external forces.
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Correspodingly, interprotocol variability was obtained (Table 2), confining
MAYV to 21Nm for the joint moments, but with peaks of 31° and 27° respectively for
knee internal/external rotation and ankle dorsi/plantarflexion. This was obtained with a
full analysis ofthe trials for each variable, i.e. by joining the four repetitions in a
single virtual trial composed of the sequential series of the four performed by subject
AF. For a few variables, the results from the right and left legs were not fully
consistent whin this subject. Very similar results were found for the other two
subjects analysed.

MAV MAV MRV% MRV%
Rotations [deg] right left right left
Pelvic Tilt 154 72.6
Pelvic Obliquity 1.9 19.0
Pelvic Rotation 3.6 16.6
Hip Flexion/Extension 20.4 18.2 29.9 25.8
Hip Abduction/Adduction 6.1 8.2 30.4 32.4
Hip Internal/External Rotation 17.0 21.0 38.1 47.2
Knee Flexion/Extension 5.8 7.7 8.4 10.8
Knee Abduction/Adduction 11.9 7.5 27.2 23.7
Knee Internal/External Rotation 25.6 30.9 56.3 56.9
Ankle Dorsi/Plantarflexion 255 26.8 44.3 48.0
Ankle Eversion/Inversion 185 18.2 57.9 56.7
Ankle Abduction/Adduction 12.0 20.8 38.7 55.3
[Moments [N*m]
Hip Flexion/Extension 21.0 20.2 105 115
Hip Abduction/Adduction 18.1 16.9 13.5 13.2
Hip Internal/External 4.2 2.5 17.3 23.7
Knee Flexion/Extension 15.0 15.0 13.2 18.2
Knee Abduction/Adduction 10.9 12.8 16.2 19.2
Knee Internal/External 4.1 2.8 22.6 23.8
[Ankle Dorsi/Plantarflexion 15.9 16.4 10.1 10.7
[Ankle Eversion/Inversion 11.2 13.3 28.5 26.0
[Ankle Abduction/Adduction 13.2 12.7 27.6 29.2

Table 2 Interprotocol variability across each joint rotation and moment obtained
by merging in a single virtual curve the four trials of subject AF. The
maximum minus minimum value at each sangleraged over all samples
(MAV) and the same normalized by the range of excursion of the relevant
mean curve (MRV%) are reported for each variable.

When analysing the kinematic results of the patient in which abduction/adduction
at the right knee was restrained by the joint prosthesis (SZM, Figure 5) the results
from the PiG protocol were the most critical, with a range of about 35°. T3Dg,
SAFLo, CASTand LAMB contained mean error within 2.5° (Table 3).
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Knee Ab/Adduction

% gaitcycle

Fig 5: Abduction/adduction at the right knee of subject SZM, as calculated by
the 5 protocols over the three trial repetitions (line styles as in Figure 2).
In this joint, this rotation is fully restined, therefore the gold standard
for this variable is zero.

T3Dg PiG SAFLo CAST LAMB
Mean 2.2 8.1 0.7 1.3 2.5
Standard deviation 1.2 8.2 1.0 1.5 2.2

Table 3 Mean and standard deviations of knee abduction/adduction along the

three trials folsubject SZM.

Not a single couple of protocols emerged to be the most correlated (Table 4 for
subject AF) in no one of the two subjects. Negative values, particularly in rotations

out-of-the-sagittal planes, reveal opposite trends. Good correlations epra®cols

were found for the kinetics variables, the largest being ankle dorsi/plantarflexion
(r>0.988, p<0.001). As for the kinematics variables, correlations were found smaller

for rotations oubf-sagittal planes than for flexion/extensions. The datian

coefficient r for these latter was never smaller than 0.993 (p<0.001) for the hip, 0.992

(p<0.001) for the knee and 0.957 (p<0.001) for the ankle joints

Table 4 Correlation coefficients obtained by comparing each couple of protocols and

averagedver the four trials. These are reported for the right and left legs separately
and for each joint rotation and moment variable. *** p<0.001; ** p<0.01; * p<0.05
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T3Dg |T3Dg |T3Dg |T3Dg |PiG |PiG |PiG  [SAFLo|[SAFLo|CAST

Protocols VS VS VS VS VS VS VS VS VS VS

PiG  |[SAFLO|CAST [LAMB |SAFLo|CAST [LAMB |CAST [LAMB |LAMB
Rotations [deg RIGHT side
Pelvic Tilt 0.984"(0.838"|0.986"|0.977"0.825"(0.989"(0.970"|0.835"|0.841"|0.988"
Pelvic Obliquity 0.998™|0.732"|0.991"|0.998"|0.727"|0.991"|0.994"|0.802"| 0.739"|0.991"
Pelvic Rotation| 0.996"|0.980|0.989"|0.998"|0.978"|0.990" |0.990"|0.991™|0.980"|0.987"
Hip FI/Ext 0.9977(0.998"(0.999"|0.999"|0.994"(0.995"(0.998™|0.997"|0.997"|0.998"
Hip Ab/Add  |0.9987|0.945"|0.994"|0.988"|0.946™|0.994"|0.986"|0.963"0.981"|0.994"
Hip Int/Ext 0.241| -0.055| -0.184/0.686"| -0.207| -0.182/0.646"|0.847"| 0.111| 0.137
Knee FI/Ext |0.995"]0.994"|0.999"|0.998"|0.994"|0.996"|0.997"|0.995"0.995"|0.999"
Knee Ab/Add |0.869"| -0.108| -0.258/0.905"| -0.367/-0.567"|0.7977|0.741"| 0.076/-0.046"
Knee Int/Ext | -0.164/0.8477(0.768"|0.878"| -0.176| -0.089| -0.168|0.700"|0.798"|0.855"
Ankle Dor/Plan/0.984™|0.988"|0.988"|0.987"|0.987"|0.980"|0.992"|0.977"|0.984"|0.978"
Ankle Ev/Inv -0.032/0.9717|0.770" 0.090|0.338"|0.741"
Ankle Ab/Add 0.8177/0.9267|0.679" 0.7977/0.7367|0.717"
MomentsN*m
Hip FI/Ext 0.9677(0.866"(1.000"(0.870"|0.9217|0.969"|0.897"|0.868"|0.960"|0.873"
Hip Ab/Add  [0.9687]0.9787[1.0007[0.9467|0.9557|0.967"|0.9477|0.976"|0.975"0.942"
Hip Int/Ext 0.975" 0.9777(0.979" 0.944"(0.978" 0.951"
KneeFI/Ext  |0.9707]0.9307(0.991"(0.937"|0.952"|0.979"|0.904"|0.968"|0.952"|0.950"
Knee Ab/Add |0.9687]0.9747(0.9327|0.9297(0.9327|0.8477|0.860"|0.9227|0.9577(0.950"
Knee Int/Ext  |0.969" 0.9667/0.978" 0.958"|0.955" 0.977"
Ankle Dor/Plan|0.9947(0.998"|1.0007[0.9957|0.996"|0.992"|0.988"|0.998"(0.993"|0.996"
Ankle Ev/Inv 0.712710.9927|0.977" 0.7537(0.7297|0.987"
Ankle Ab/Add 0.942710.985" 0.958"

LEFT side

Hip FI/Ext 0.998710.9977]0.9997(0.9997|0.999(0.9957|0.996"|0.9937(0.994™|0.999"
Hip Ab/Add  [0.9997|0.9247(0.996|0.989"(0.9297|0.997"|0.985"(0.950"|0.866"(0.976"
Hip Int/Ext 0.467"| 0.102| 0.246(0.796"| 0.472"| 0.007| 0.151|0.720"| 0.321]0.641"
Knee FI/Ext  [0.9987]0.9937(0.9997|1.0007(0.994|0.9977|0.999"(0.9927|0.993"(0.999"
Knee Ab/Add [0.9527| 0.027( -0.029|0.887"|-0.159|-0.303"|0.740"[0.553"| 0.147|0.317"
Knee Int/Ext | -0.020/0.8117(0.8557|0.870"| 0.137] 0.337 | 0.357 [0.843"|0.803"|0.887"
Ankle Dor/Plan|0.9757[0.961"|0.996"|0.984"(0.9817|0.970"|0.980"|0.9617|0.957"(0.980"
Ankle Ev/inv -0.051(0.9797|0.850" -0.066| 0.339 |0.856"
Ankle Ab/Add 0.422"10.7027|0.665" 0.880"(0.8787|0.909”
Moments N*m|
Hip FI/Ext 0.939"(0.750"[1.000|0.7657|0.868"|0.935"|0.833"|0.747"|0.702"[0.763"
Hip Ab/Add ~ |0.9797]0.971"(1.000"(0.926|0.982"|0.979"|0.938"|0.968"|0.983"|0.923"
Hip Int/Ext 0.927" 0.879"(0.976" 0.825"(0.931" 0.834"
Knee FI/Ext [0.9767]0.798"[0.9697|0.850"(0.864|0.940"|0.882™(0.789"|0.968"(0.826™
Knee Ab/Add [0.9457|0.968"(0.9837|0.9337(0.968"|0.9777(0.919"(0.980"|0.986"(0.939"
Knee Int/Ext  [0.961" 0.9637|0.987" 0.916"/0.968" 0.939"
Ankle Dor/Plan|0.9977[0.995"|1.0007|0.998"(0.997"|0.995"(0.993"(0.995"|0.996"|0.998"
Ankle Ev/Inv 0.7387|0.9967|0.985" 0.7407(0.6787|0.990"
Ankle Ab/Add 0.8607|0.994" 0.841"
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4. Discussion

Frequently, gait analysis results are interpreted and compared with limited
consciousness of the conceptual and practical choices implied in the relevant protocol.
In the present study, single gait cycles were analysed simultaneously by using five
different protocols, which represent the large majority of those commonly used in gait
analysis. Conformity with the original protocol design, i.e. biomechanical
interpretation and markeset, was ensured by direct participation of relevant experts,
involved bothin data collection and reduction.

The overall procedures were repeated in only three volunteers. However, the
analyses of the right and left legs imply distinguished experiments, involving
independent landmark identification, marker attachment, anthraggome
measurement, and data processing. In addition, subject SZM had a special knee
prosthesis in only one leg. Finally, it turned out that subject AF had congenital leg
length discrepancy (about 4 cm), which resulted in considerably different patterns
between legs. Therefore, the present study should be regarded as composed by
independent analyses of three trunks and pelves and six legs.

Intra-protocol variability was small for all five protocols. This implies that intra
subject repeatability over the tgalhowever small in the three subjects analysed, was
reported consistently over the protocols. In addition, the comparison of values in
Tables 1 and 2 shows that inf@iotocol variability is clearly larger than intpaotocol
variability, except for peld rotation.

Overall the gait variables are comparable among protocols (Figure 3), despite the
large differences between models and maslets. Joint kinematics showed larger
inter-protocol differences than joint kinetics. Flexion/extension had good wewef
correlations with small bias differences in all joints except the ankle. On the contrary,
out-of-sagittal plane rotations, especially at the knee and ankle joints, revealed poor
waveform correlations and even considerable bias differences. The lagability
was observed at knee abduction/adduction where even opposite trends were observed.
The extent to which this is due to the different models, margeor to relevant skin
artefact is not known. Because similar patterns were observed ovex kreess, it is
hypothesized that a bias associated to the axis of rotation and related cross talk is more
plausible than an erroneous positioning of the marKérs.larger consistency at joint
moments is noteworthy because not expected when considerengretbvant
substantial methodological differences. LAMB, SAFLo and PiG use standard inverse
dynamics, whereas T3Dg and CAST use only the external ground reaction force.
Estimation of the joint centres is also very critical, and each protocol uses different
techniques. This acceptable coherence on the results may further support the role of
the external force, which must be predominant in gait at natural speed.

The PIiG, based on the original Newington model, and SAFLo are among the
pioneering protocols foragt analysis. When these were devised, basic instrumentation
and limited knowledge of the skin artefacts were available. Therefore, it is remarkable
that these protocols have obtained adequate correlation with the more recent ones for
most of the gait vaables. Bias and correlation differences of SAFLo are
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straightforwardly accounted for by the specific anatomical references particularly for
the pelvis and the ankle. T3Dg is a recent development of the general CAST approach.
The very similar relevant redalsupport further the fact that a small deterioration of
the results is expected when the location of markers in the central area of the segments
and calibration of landmarks via an instrumented pointer are substituted with direct
skin marker placement.3Dg and LAMB protocols share most model definitions
except the equations for hip joint centre estimation (according to [35] and [8]
respectively). Slightly different choices are adopted also for the msekebut all this

did not result in considerabl@él differences for the gait variables. Overall, the high
correlation obtained for the variables calculated by CAST, LAMB and T3Dg (Table 4)
suggests that a large uniformity of the results is associated more to the consistency of
the biomechanical conveéahs than to the design of the relevant masets.

The abduction/adduction of the right knee of subject SZM (Figure 5 and Table 3),
i.e. the gold standard, revealed a considerably different performance of PiG with
respect to the other protocols, thoughited to the first half of the swing phase. This
might have been due to an incorrect marker location resulting in incorrect alignment of
the axis of rotation and therefore in créakk from flexion/extension, relatively large
in that phase, to abductiemfduction. However, most of these markers are shared by
the other protocols. In addition, a predisposition to larger abductions at the knee for
this protocol was reported for all six knees. A larger variability for the joint rotations
that require carefublignment of the wands was reported for this protocol also
elsewhere [5,30]. The best performance in assessing this gold standard was obtained
by SAFLo. This protocol identifies the flexion axis of the knee with a functional
approach [36], which is expedt¢o reduce this crogalk.

The above remarks are only preliminary accounts of the observed differences. A
thorough and rational comparison of the five techniques is possible by looking at
every single gait variable and by inferring relevant justificegifor these. The task is
however not easy because the tinigtory of each variable results from an intrigued
interplay of reference definitions, kinematics conventions, and artefactual motion.

In conclusion, the comparison of the results from the fiinetocols on the same
gait cycles revealed first of all good inpaotocol repeatability. Despite the known
large differences among the techniques, good correlations were observed for most of
the gait variables. As for the exact variable patterns, goodisgtency was found for
all joint flexion/extensions and pelvic rotations. Acceptable consistency was found for
hip outof-sagittal plane rotations and nearly all joint moments, whereas it was poor in
knee and ankle owf-sagittal plane rotations. For thkatter therefore, it is
recommended that comparison of the results among protocols be very careful. The
variability associated to the protocol used seems much larger than that associated to
inter-observer and even int&boratory comparisons [5,17,29,30t most of the gait
variables. It might be also pointed out that, in general, model conventions and
definitions seem more crucial than the design of the relevant rrsetssrand that
therefore sharing the former can be sufficient for worldwide clirge#l analysis data
comparison.
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Abstract

A protocol named Outwalk was developed to easily measure on children with cerebral
palsy and amputees the thomelvis and lowetimb 3D kinematics during gait in

free-living conditions, by means of an Inertial and Magnetic Measurement System
(IMMS). Outwalk defines the anatomical/functional coordinate systems for each body
segment through three steps: 1) positioning the Sensing Units (SUs) of the IMMS on

the subjectsé thorax, pel vi s, thighs, S |
computing he orientation of the mean flexi@xtension axis of the knees; 3)
measuring the SUsédé orientation while the

posture, either upright or supine. If the supine posture is chosen, e.g. when spasticity
does not allowd maintain the upright posture, hips and knees static flexion angles
must be measured through a standard goniometer and input into the equations that
define Outwalk anatomical coordinate systems. To test for therattsrmeasurement
reliability of theseangles, a study was carried out involving 9 healthy children (7.9+2
yearold) and 2 physical therapists as raters. Results showed a RMS error of 1.4° and
1.8° and a negligible worsiase standard error of measurement of 2.0° and 2.5° for
hip and knee angs, respectively. Results were thus smaller than those reported for the
same measures when performed through an optoelectronic system with the CAST
protocol, and support the beginning of clinical trials of Outwalk with children with
cerebral palsy.

Keywor ds

Gait analysis; Kinematics; Protocol; Ambulatory; Inertial Sensors; Magnetic Sensors;
Cerebral Palsy; Amputee.
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Glossary

CP: cerebral palsy

CS: coordinate system

DR: right droprise

IMMS: inertial and magnetic measurement system

h: hip static flexion angle during Outwalk calibration in supine posture

k : knee static flexion angle during Outwalk calibration in supine posture
PAT: posterioranterior tilting

RMS: root mean square

SEM standard error of measurement considering syatie errors

SEM,se Standard error of measurement not considering systematic errors
SU: sensing unit of an IMMS

TP: joint representing the movements of the Pelvis relative to the Thorax
T1, T2: physical therapists involved in the reliability studyahd k

1. Introduction

Instrumental gait analysis has become a valuable tool in clinical prdéfice
establishing its usefulness particulafty children with @rebralPalsy (CP)[7], but

also for amputeefl5, 24] Neverthelss, its use is still limited to very few medical
centres, and its ability to monitor a pa
opposed to best performance, has still to be fully explored. In our opih@®neasons

for the present situation ©abe predominantlytraced back to limitations in the
measurement systema particular optoelectronic systems are costly, hardly portable,
and havea restricted field of view{3]. These features limit their use dedicated
laboratories and restrict the acqtiis of as u b js gait tb few strides per trial, in
conditions which can be far from steady state. In addition, the acquisition of gait in an
unfamiliar and artificial environment, such as that of a laboratory, can psychologically
condition the subjectwho will overperform with respect to his/her evesgy-life

ability [13].

The recent availability of Inertial & Magnetic Measurement Systems (IMMSSs)
might opennew perspectivefor the measurement of the gdiinematics. IMMSs are
commercially availablegost effective and portable motion analysis systekanks
to these featuresfMSs mightallow the user t@xecue and acquirehemovement in
laboratoryfree settings, in a continuous modality, for long periods; therefoeg
might allow the useto collecta great number of consecutive gait cycles during
spontaneouwalking in daily life environmentg16].

An IMMS consists of Sensing Units (SUs), which are lightweight boxes. Each SU
integrates one 3D accelerometgyroscope, and magnetomet&he data supplied by
these sensors are combif2d, 22]in order to measure the 3D orientation (but not the
position) of the SUsdtlsrespeottoradlobal,@atimased®$.st e m
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Given this 3D orientation, atMM S has the potential to estimate joikinematics

when: 1) aSU is attached teach bodysegment of interest; 2) at least one anatomical
CS isdefinedfor each bodysegment; and 3) the orientation of the anatomical CS is
expressed in the C®f the SU. Joird kinematicscan then beobtained from the
relative orientation otontiguousanatomicalCSs. The critical part of this process is

the definition of the anatomical CSs. In fact, the lack of information regarding the
positin of the sensors implies that the anatomical CSs cannot be defined through the
calibration of single anatomical landmarks (as recommended by the[3ZR
Therefore different techniques must be conceived.

Only a few stdies investigated the use of IMM&8 gait kinematics measurement
[18, 19] O 6 D o n and a&eworkers[18] defined a protoa for 3D intersegment
joint-angle measuremertiowever they specified their techniques just with respect to
the ankle joint. In addition, the calibration steps requirgotation about the
longitudinal axis of the whole body and a knee extension wittinminmovement of
the ankle, all tasks that may not be easily performed by certain populations of subjects,
e.g. children with CP or amputees.

Picerno and cevorkers [19] defined a protocol toestimate lowetimb joint
kinematics.The definition of the anatomical CSs was patrtially based on the external
anatomical landmarks described[&. However this protocol requires for eachdyo
segment to establish the orientation of a minimum of two-p@omallel linesusing
multiple calibrationtasks involving multiple specializeddevices at the expense of
simplicity and experiment duration

In the effort of overcoming current limitations, the aim of this work was twofold.

First, it was intended to devel@pnew protocgl named 6 Out wal k6,
following constraints: 1¥uitable for IMMS; 2)able tomeasure the kinematics of the
TP (pelvisrelative to the thoraxhip, knee and ankle jointsriented to children with
CP andto lower-limb amputees, and therefore based on 3) fast sensors mounting; 4)
fast and comfortable calibratigmocedures5) not requiring any additional specialized
device than the IMMS itself.

Second, it was intended to test an essential requirement for Outwalk validity, i.e. to
assess the inteater reliability of the goniometric measure of hip and knee static
flexions in childen laying supine on a mat. High reliability is searched for, as these
measures are required iaput to Outwalk when applied on subjects witheducible
knee flexion (e.g. in some forms of CP), laxity or deformities. Our hypothesis was that
static hip andknee flexions can be measured with a precision not lower than that
reported in[11] for hip and knee flexions measured with an optoelectronic system
through he CAST protocol, assumed as clinical reference. Confirmation of this
hypothesis would support the commencement of the clinical trial of Outwalk in CP
children.

S
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2. Methods

21Devel opment of o6Out wal ko
In developing Outwalk, the approach describeBinfor the uppedimb was used as
reference.

2.1.1 TARGET POPULATION

Outwalk was designed to be suitable for above and below knee amputees and for
children with CP.In particulay CP childrencan be both hemiplegibelongng to

forms F Il of Winters et al.[30] and diplegic belonging tlorms|i- IV of Ferrari et
al.[14].

2.1.2 REQUIREMENTS FOR THE MEASUREMENT SYSTEM
Outwalk was conceived for a motion tracking system: 1) capable to measure in time
the orientation of the local CSs of its SUs with respe@ global CS; 2) featuring a
visible reference between the orientation of the local CS and the physical appearance
of its SU (e.g. the box containing the electronics of the SU), with the smallest possible
misalignment.

The Xsens system (Xsens Techmiés, NL), is an IMMS whth satisfies these
requirementgFig. 1). As this was used [12] for the validation of Outwalk, herein
we will only explicitly refer to this IMMS. TheXsensconsistsof up to 10 SUgcalled
MTx) connected byvire to a datdogger(Xbus Master)usually worn on the belt. The
datalogger is connected via Bluetooth to a laptdich processes and stores the data
collected Each SU is hosted in a small box, weights 38g, and is 39x54x28mm. The
local CSof the SU is aligned with the boundaries of the box with an error(Xsns
Technical Manudl . The ori ent &$wito respextfto an aaethsedS U6 s
globalCS is provided as an output.

(a)

(b)

Fig 1. Xsens system. (a) Datagger (Xbus Master) with two SUs
connected; (b) an SU with its local & the global (earttbased) CS.
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2.1.3 DEFINITION OF THE REFERENCE KINEMATIC MODEL
The definition of the kinematic modelf Outwalk was achieved by following the
indications provided ifil 7].

Thorax, pelvis, thigh, shank and foot were assumed as the rigid segments forming
the TP, hip, knee and ankle joints.

TP, hip and ankle joints were assumed as ball & sockets. The knee was assumed as
a Ol oos e d -joihtpwith dbne rothtiom(fipxdohextension) occurring about a
mediolateral axis fixed in the distal femur and the other rotation (intextetnal)
occurring about a longitudinal axis fixed in the titj28]. The doublehinge is defined
il oosed (using a term common for el bow
some akadduction. However, when the flexiextension and intern&xternal
rotations aes are correctly located, movement of the knee joint within a range of 5
90° of flexion can be almost entirely accounted for by simultaneous rotations about
these two axef23].

Following the standad DenavitHartenberg convention used in robotj2§], for
each segment we defined as many CSs as the number of joints the segment forms, that

i s one for the thorax and foot, and two

opinion, this approach mgates a limitation of the current ISB standard, in which a
single set of orthogonal axes is defined for a segment, and used to describe rotations of
different joints. This is for example the case of the thigh anatomical CS, in which the
Y axis is consideid as thehip internatexternal rotation axis, and Z theeeflexion-
extension axis. Unfortunately, the orientation of Z is not directly controlled, as it
derives from Y and X; as a consequence, it can be generally different from the (mean)
axis of rotatiom of the knee, which should be preferably used inq&&{d

As a general ruléor naming, for each segment the CS describing the proximal
joint is defined as the HAproxi mal CSo,

W

defined as the #Adistal CSo. Mor eover, co

segment sd CiDmts dramially, X laterally and X anterior]@2]. For the
left side CSs Y points caudally, Z medially and X posté. By so doing, a clinical
flexion, abduction or internal rotation performed with the left side of the body assumes
the same positive or negative sign assumed when performed with the right side. In
other words, the kinematic patterns of the left sigle be directly plotted over those of
the right side.

The rotations describing the degrees of freedom of the joints were named:
posterioranterior tilting (PAT), right dropise (DR), right internaéxternal rotation
(IE) for the TP joint;flexion-extenson (FE), adductioralduction (AA) and internal
external rotation &) for the hip;FE, varusvalgus(VV) and IE for the knee; dorsi
plantar flexion (DP), inversieeversion (IV) and IE for the anklén each of these
couples, the first rotation is expectiechave a positive sigi32].

2.1.4 PROCEDURE TO MEASURE THE TP AND LOWHRB KINEMATICS
The proceduréo measuwe theTP, hip, knee and ankle kinematics of a subject cansist

of the following4 steps: 1) positioning the SWs the subjeét t hor ax, pel vi s
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shanks and feet; 2omputing the orientation of the mean FE axis of the knees in the
thighs embedded G3f the SUs; 3)efining anatomic#iunctional CS for thorax,
proximal pelvis, distal pelvis, proximal thighs, distal thighs proximal shanks distal
shanks and feetind expressing tireorientation in the SWCS of the corresponding
segment; 4xomputing thegoint-angles. These stepsare described for the righteg

only.

2.1.4.1 Positioning the SUs

One SU is positioned on each besigment with doublsidel tape, either over the
skin or over elastic cuffs wrapped around segmentgFig. 2). For the thorax, the SU

is positioned ovetheflat portion of the sternum, with the axis of the SU pointing
away from the bodwpnd X cranially For the pelvisthe midline of the SU is aligned
with the spine, and its X axis oriented along the line lirilkg the posterior superior
iliac spines(PSIS) pointing towardheright PSIS For the thighthe SU is positioned
laterally, within its median thirdror the shankthe SU is positioned within the distal
third, close to the lateral malleolus, with theaXis aligned with the long axis of the
fibua. The Z axis of the SU poi nFKosthelfoatt er al
the base of the SU is positionadd oriented over the shoe in order to maximize its
stability. In particular, it is recommendéd place it over the midfoot, and ascertain
that the orientation of the sensor is not affected by forefodfoot relative motion
during the third rocker.

Fig 2: Xsens SUs positioned over the body of a subject

2.1.4.2 Functional movements to comgheknee mean flexieextension axis

To define the anatomic&S for the distal thighand to expresgs orientation in the
SU CS of the segmentthe direction of kned-E axis must beestimatedfirst. The
orientation of the SUs over thigh and shank is messduring a pure kndek task. If
the patient can perform the task autonomously, he is instructadrtd in the upright
posture and, helped by an examiner in keeping the postuflextextend the knee
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five timesup to 70°. If the patient cannot stand upright posture or autonomously
execute the task, the task carpeeformedpassively, with the subject laying in supine
position, while a therapist execatéthe kneeFE movement5 times up to 70° of
flexion. The direction of the kneEE axis is estimged using the functional method
described if31] andit is expressed in th€Sof the SUof the thigh Ve ex).

2.1.4.3 Static acquisition to complete the definition of the anatomical CSs

The anatomicaCS of the proximal pelvis is assumed to be coincident with th&€SU
To define the anatomicalSs for thorax, distal pelvisproximal anddistal thigh,
proximal and distal shank, and foot adexpress the orientation of these anatomical
CSsinthe SUCSof the corresponding seg@®ist, t he
measured during & secondstatic trial.During this static triathe subject is asked to
standstill in one of the following twgostures

upright with the back straightlooking forward, knee centre aligned to the ASIS,
and the line from the"2 metatarsal head to the calcaneus of the right foot parallel to
the samdine of the left foot (Fig. 3);

in supine positioron a mat with the hip flexedh degrees and the knee flexied
degrees, knee centre aligned with the ASIS, feet in neutral position and parallel to each
other as in posture 1 (Fig..4)

Fig 3: Upright calibration posture. Red, green and blue arrows indicate
the X, Y and Z axes of the Xsens local CS.
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h=Hip FLEX

k=Knee FLEX

¢ y=180°-h-k
’ — @

K . 5=180°-k

Fig 4: Supine calibration posture. Hips and knees can be flexed h® and k°

degrees, respectively, in case of irreducible flexions of the subject. In this

case, h and k must be measured through a static goniometer, and used to
compute 9 and U; h, 2 and O are the
anatomical CSs (Table 2). If the subject wears AFOs, theczerdition

for the ankle joirHangles is the one assutnky the feet inside the AFO.

THX: thorax; H: hip; K: knee; A: ankle.

Posture 2 should be used with CP children and subjects with irreducible knee
flexion, laxity or deformities (genu varum, valgum, recurvatum and flexum). Amgles
andk will depend on tk specific patient, and they will be 0° if the leg can be fully
extended. To sustain the subjectodés | egs,
is recommended (Fig. 4). A second foam cylinder or wedge can be used to maintain
the expected foot caliition posturelf the subject uses an aniteot orthosis (AFO),
the foot calibration posture is that imposed byAl®. In posture 2, if the SU on the
pelvis touches the mat, than two separate mats should be used and kept as close as
possible, but alloimg a gap below the SU.

The definitiors of the anatomicaCSs reportedin Table 1and Table2 are then
applied for the upright and supine posture, respectively. CSs were developed
following the example of8]; they havea constant orientation with respect to thedS&J
CSof the corresponding segment.

Definitions in Table 2 are based on those of Table 1, butita&ke@ccount that:

1) hip and knee can be flexed h° and k°, and therefore the aranial axes of

thigh and shank cannot be assumed to lie in the frontal plane. Their rotations
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out of the frontal plane must be compensated to properly define the CSs of
proximal and distal thigh, and proximal shank. To apply the definitions in
Table 2, therefore, the examiner will need to measure h and k through a static

goniometer;

2) when the calibration is executed in supine position, the Z axis of the SU on the
thorax beomes almost parallel to the gravity line, and therefore the
computation of a thorax medlateral direction from Z and gravity can be

badly conditioned.
TABLE 1
Segment Axes Definition Anat. direction.
You = SMza I cranial
Thorax (TH) Zm=[00119D Y /||l lateral
Xm=Ym D Zw ! |l anterior
XppL =-[0 0 1] anterior
Pelvisi Proximal (pPL) |YppL=1[010] cranial
Zyp =[100] lateral
Pelvis- Distal (dPL) SUPLRpL = SYP Ry
Thigh - Proximal (pTG) | %% ™Ry16 = S%""RypL
Y = Ypsk
Thigh- Distal TG |-2ere= Veex /i lateral
Xawo=Y D Zgre 11| anterior
Y a1 = Zare D Xqre ! || cranial
Y= Yy
Z,sk=[001] lateral
Shank- Proximal (pSK) Xo-vyDz_ ] m anterion
pSK pSK
Yosi = Zosk D Xosi/ | cranial
Shank- Distal (dSK) SUSKRsk = SUS*Rysk
Foot (FT) SU-FTRFT — SU-SKRdSK

Table 1: Definition of the anatomical/functional CSs (thorax, pelvis, and right
leg), to be used when the subject stands in the upright posture during the
static calibration. CSs which share the same gray code in the right column
have the same orientatialuring the calibration posture. For each segment,
all vectors are expressed in the CS of the SU positioned on the segment.

Abbreviations.D: cross productR: 3x3 rotation matrix; Rg indicates the relative
orientation of the B CS with respect to the A C§; ihdicates that the vector
must be normalized; Z Z axis of the global CS, assumed opposed to
gravity; Ve ex: direction of the flexiorextension axis of the knee; STH:

SU onthorax; SUPL: SU on pelvis; SUIG: SU on thigh; SEBK: SU on
shank; SUFT: SU on foot.
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TABLE 2

Segment Axes Definition Anat. direction.
X =3YTZs 1 1] i

Thorax (TH) anterior
ZTH = XTH @ [l 0 O] /1 ”” lateral
YTH = ZTH Q XTH /1 ”” cranial
XppL =-[0 0 1] anterior

Pelvisi Proximal (pPL) | Ypp.=[01 0] cranial
Zyp =[100] lateral

Pelvis- Distal (dPL) SUPLRgpL = P Ry

Thigh- Proximal (pTG) | S*"®Ry1e = S“"®Rmy-Rz(+h°)
Y = 2" column of ¥
S Rosk- Rz (+T°);

Thigh - Distal (dTG) Zyre = Veex ! || lateral
Xarc=Y 1] Zyte /“” anterior
Y 416 = Zdte 0] Xata! “” cranial
Y = 2" column of SYSKRpy-Ry(-
2°);

Shank- Proximal (pSK) [ Zesk=[001] lateral
Xpsk= Y D Zysk 1Ml anterior
Yosk = Zosk 2 Xos/ il cranial

Shank- Distal (dSK)

SU-SK| — SU-SK|
I:edSK - RDSK

Foot (FT)

SU—FTRFT - SU—SKRdSK

Table 2 Definition of the anatomical/functional CSs (thorax, pelvis, and
right leg), to be used when the subject lies horizontally in supine
position during the static calibration. CSs which share the same gray

code in the right column have thensa orientation during the
calibration posture. For each segment, all vectors are expressed in the

CS of the SU positioned on the segment. Angles h, k are the rotations in

the sagittal plane of the hip and knee in the static posture, and have to be

measured hr ough

Fig. 4).
Abbreviations.

+hA,

static

#0A; appd. || i

cates

D: cross product; R: 3x3 rotation matrix; ARB indicates the
relative orientation of the B CS with respect to the A CS; RZ(+h°),
RZ( +UA) A) Rtiacahstaotaotation matrix around a Z axis of
ndi
Z axis of the global CS, assumed opposed to gravity; VFLEX: direction

t hat

of the flexionextension axis of the knee; SIH: SU on thoraxSU-PL:
SU on pelvis; SUTG: SU on thigh; SLBK: SU on shank; SBT: SU

on foot.

-kgoamm d mék (see;l 81

t

he
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It is worth noticing that the distal shank CS is assumed coincident with that of the
proximal shank, since functional methods cannot still be reliably used for the
estimation of the ankle axes of rotatidj.

2.1.4.4 Corputation and interpretation of the jokatngles

During data acquisition for walking task, the orientation of the anatomi€$s is

updated sampiby-sample based on the orientation of thesSES. The TP, hip, knee,

and anklejoint-anglesare then obtaid, sampldy-sample, by decomposing the

relative orientation of the anatomid@Ss forming the jointwith the Euler sequence
ZX6VY®P Finally, the sign of the Z6 rotat
have a positive flexion, as declared in section 2.1.3 and as expected in[2]inics

It is worth noticing that, based on the definition for the distal thigh and proximal
shank, the knee flexion in the static posture is 0° (sdggglies in theplane normal to
Xare suchas Yyre, Ypsk), as it is also the caser all hip and ankle angles.

It has been widely demonstrated that the knee rotations other than the FE are
strongly affected by the sefissue artefact problem when measured through- skin
mounted markers, and are therefargeliable[20, 25, 27] For this reason, in our
future clinical aplications these angles will not be generally analysed.

2.2.Inter -rater reliability of the goniometric measure of hip and knee
static flexion
High reliability in measuringh and k through a goniometer is required for the
applicability of Outwalk whenhte supine calibration postuig used. Failure in this
requirement would cast doubts about the offset measured for hip andleuies-
extensionpatterns during gait (see Table 2), which would substantially depend by the
rater leading the measurements.

Since the static posture will be typically used with CP children, elpreal-trial
inter-rater reliability study was carried out by involving 9 healthy children and 2
raters.

2.2.1 SUBJECTS AND RATERS

Nine healthy children (7.9+2 yeaid, 27.5£7 Kg, 29+12 cm tall; 6 males, 3 females)
were enrolled in the study after obtaining the informed consent from the parents. The
study also involved two physical therapists (T1 and T2) as raters, with experience in
the treatment o€P children. Before beginningdtstudy,T1 and T2 practiced together

in the measurement bfandk on two additional children who were not included in the
study.

2.2.2EXPERIMENTAL SEDP
For the measurement bfandk, a standard plastic goniometer with two movable bars
each of 20cm in length and 8cm in height was used.
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Given a child, this was asked to lie supine on a mat with a foam cylinder under the
knees (as in Fig. 4). Then T1 and T2 independently measuaed k of one of the
legs. Between the two measurements, the child was asked not to move. The child was
then free to move for a few minutes and then T1 and T2 independently melasured
andk on the remaining side, as in the first measurement. The first sigdeassessed
was randomly selected, as well as the order of assessment by T1 and T2.

To measurd, one bar of the goniometer was lain on the mat and the other oriented
to be on the line between the greater trochanter and the lateral epicondyle of the femur.

To measuré, one bar of the goniometer was oriented to be on the line between the
greater trochanter and the lateral epicondyle of the femur, and the other to be on the
line between the head of the fibula and the lateral malleolus.

2.2.3HYPOTHESIS ANIDATA ANALYSIS
To conclude thah andk have an interater reliability adequate to begin the clinical
trial of Outwalk, we tested the following hypothesis:

1 HZ1: h and k reliability must be not lower than that reportefd. 1 for h and

k measured with an optoelectronic system through the CAST protocol.

To test this hypothesis, we consideredHtedk angles measured for each leg as
a set of independent sbrvations, and we computed the following root mean squared
errors (RMS), consistently wifd1]:

18 2 ., 18 2 _
aa(hij-h) aa(ku-K)
h - i=1 j:l k - i=1 j:l
RMS 18* 2 RMS 18* 2
where:
i = 1 é duBber of legs examined;
j=1é2: number of raters invol ved,;
e _hi+hy
h = ——, mean hip flexion angle among T1 and T2 forileg
2
K = kil + ki2

k

; , mean knee flexion angle among T1 and T2 foii.leg

Based on the results reportedii], H1 is true if:

hes €5 Keys €37

Following current recommendations about statistical parameters describing
reliability [10], we also computed foh andk the Standard Error of Measurement (or
6typical er r or ¢ and notcconsideiing SEM thegsysterSakchérror
introduced by T1 and T2. Followirig9], SEM,.and SEM..Were obtained through a
singlefactor (i.e. raters) repeated measures ANOVA in theay and 2way model,
respectively.
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3. Results

The original data measured by T1 and T2 on the 18 legs are reported in Table 3.
hrusand Kgys were found to be 1.4° and 1.8°, i.e. less than those reporfed]irit

was concluded that H1 was fully satisfiéebr h, both SEM. and SEMs.were 2.0°,
while for k they were 2.4° and 2.5°, respectively.

TABLE 3
h° k®
LEG T1 T2 T1 T2
1 142 138 120 124
2 138 142 120 118
3 140 144 120 115
4 142 142 120 115
5 152 148 120 114
6 150 148 120 114
7 145 141 110 111
8 142 140 110 108
9 145 145 110 108
10 146 143 110 110
11 142 139 114 119
12 140 142 120 114
13 144 144 110 110
14 144 142 110 106
15 134 134 108 108
16 126 129 110 112
17 140 137 116 115
18 140 136 116 116

Table 3 Values measured for angle h (hip static flexion) and k (knee
static flexion) by rater T1 and T2, on the 18 legs examined (9
children).

4. Discussion

Outwalk was developed to measure thepakis and lowetimb kinematics with
IMMS, in clinical settings, and specifically in below/above knee amputees and CP
children. In particular, the CP population described in section 2.1.1 was selected by
considerig the main goal of their rehabilitation treatments, that is the acquisition and
preservation of gait, even for long distances.

Since IMMS cannot measure the position of their SUs, Outwatk not based on
the calibration of singlanatomical landmarks fahe construction of the anatomical
CSs. The protocol takes about 10min to complete from subject arrival, and it does not
require any specialized device other than the SUs, in contrfs@]tdMoreover, the
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two calibration postures (upright or supine) were selected to be comfortable for our
population of interest. In general, we expect to use the upright posture for amputees,
while the supine posture for CP children. Ampgstean in fact easily maintain the
predefined upright posture, while this cannot be assumed for children with CP, who
may present a flexed knee afi2B] hip-kneeankle flexion (scissor patterfb]).
Similar considerations apply for the functional estimation of the knee mean FE axis of
rotation. In general, on CP children the movement will be passively executed by the
therapist, while amputees will actively perform the movement, or maintain the upright
postue while a rater passively flexes and extends the prosthetic knee (if any).

Outwalk anatomical CSs were developed to best match the kinematic assumptions
for the lowerlimb joints. In particular, the definition of the distal knee CS presents an
advantage vth respect to the CS recommended by the[IBB. The advantage is that
in Outwalk, the medidateral axis (Z) oftte CS is defined along the mean FE axis of
rotation of the knee, while in the ISB the femur Z axis is obtained as the last axis after
the longitudinal and posterior axes are computed. This means that thelabedib
axis of rotation of the knee in theB&natomical CS is not directly controlled, and its
direction can be different from the intepicondilar axis[25]. Since a target
population for Outwalk are the transfemoral amputees, the application of the ISB
approach for the prosthetic knee would have been in explicit contradiction te the a
priori knowledge that the knee is arfeet hinge, with the axis of rotation oriented in a
single direction. Outwalk, instead, respects this knowledge and takes it into account in
the definition of the CS.

As a countebalance of Outwalk ease of use, the operation qfositioning a
s ubj body i® the calibration posture between acquisitions, can be a potential
source of intra and interexaminer inaccuracy. A very similar problem, however,
exists also for the protocols based on the identification of anatomical land®a®ks
19], and was named fAanatomical l andmar ks
mislocation mostly affects the offset of segment axial rotat[@d$ and even though
final conclusions require daoc tests (which are underway), this mighbtdie true for
Outwalk.

As element supporting Outwalk validity, the intater reliability forh andk was

found to be very high, with values fdigsand Kg,s smaller than those reported in

[11] for the same measurements obtained through an optoelectronic systems and the
CAST protocols. Hypothesis H1 was thus confirmed. Results for S&M SEMse
also indicartaltkRatr oribei 6t ympe of fdudng of
gait is almost negligible, and thiigs not expected to substantially depend on the rater
leading the measurements. This conclusion is further supported by the close values of
SEM,. and SEMs (no difference forh, 0.1° fork), which show that the systematic

error introduced by T1 and T2 is very limited. The measuremenipsdte. static
measures with subjects lying on a mat, with the legs sustained by a foam cylinder,
with hips and kneedeixed, appears to have positively influenced the reliabilitip of
andk. In this posture the anatomical landmarks can also be easily palpated and the mat
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can be used as a base for the goniometer in meaguynivigich in fact resulted as the
most reliable agle.

In conclusion, the results obtained support the commencement of a clinical trial of
Outwalk with children with CP.

This further step will also take advantage of the possibility to apply Outwalk with
any optoelectronic system as measurement devicenat only with IMMS.It should
be noticed in fact that all available optoelectronic systems satisfy the hardware
requirements described in sectiof.2, if we 1) consider the SU as a cluster of at least
threenot alignedmarkers, and 2) we define a |6&S for the cluster with a visible
reference to its markersod6 position. The
reference clinical protocol (e.g. CAYPR]) with the optoelectronic system as only
measurement device will allow, for instance, to compare the effect on joint kinematics
of the different definitions of the anatomical/functional CSs among the two protocols.
Based on the results on clinical pigtions, it could be even decided to use Outwalk
as first screening gait protocol in combination with optoelectronic systems, due to its
ease of use.
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Abstract

A protocol namedOutwallkdwas recentlyproposed to measure the thogedvis and
lower-limb kinematics during gait in frekving conditions, by means an Inertial

and Magnetic Measurement System (IMMS)he aim of this work was to validate
Outwalk on 4 healthy subjects when it is used in combination with a specific IMMS
(Xsens Technologies, NLpgainst a reference protocol (CASdapd measurement
system(optoelectronic systenVicon, Oxford Metrics Group, UK).

For this purpose we developed an original approach based on 3 tests, which
allowed to separately investigate: 1) the consequences on joint kinematics of the
differences betweeprotocols (Outwalkvs CAST), 2) the accuracy of the hardware
(Xsens vs Vicon), and 3) the summati on
accuracy (Outwalk+Xsens vs CAST+Vicon). To assess-gigles similarity, the
Coefficient ofMultiple Correlation (CMC) was used. Fast 3, the CMC showed that
Outwalk+Xsens and CAST+Vicon kinematics can be interchanged, offset included,
for hip, knee and ankle flexieextension and hip akdduction (CMC>0.88). The
other jointangles can biterchanged offset exclud¢@MC=>0.85) Testl and 2 also
showed that diffrences in offset betweguint-angleswerepredominantly induced by
differences in the protocols; differences in correlation by both hardware and protocols;
differences in range of motion by the Xsens accur&gsults thus support the
commencement of a clinical trial of Outwalk on transtibial amputees.

Keywords

Gait analysis; Kinematics; Protocol; Ambulatory; Inertial Sensors; Magnetic Sensors;
Cerebral Palsy; Amputee.
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1. Introduction

Inertial and Magnetidleasurement Systems (IMMSs) might open new perspective in
clinical gait analysis. They ammercially availablegost effectiveportable motion
analysis systemsand consist of lightweight boxes, called Sensing Units (SUs) which
typically comprise a 3[@ccelerometer, gyroscope and magnetometer. Through sensor
fusion algorithms, the 3D redime orientation of each SU is known relative to a
global Coordinate System (CS), based on the magnetic north and the gravity. In other
words, the output of a SU is @galent to the orientation of a cluster of (at least) 3
markers relative to the laboratory frame of an optoelectronic system, but with the basic
difference thatgravity and themagnetic north are ubiquitousand therefore the
reference frame of an IMMS dgsn also exists outside the laboratdrlis means that
every timethe magnetic field is not distort¢€], a SU can measure the orientation of

the body to which it is attached whenever and wheilig¢igrequired without tre need

of any camera or specially equipped dedtory Thanks to these featureByIMSs

might allow to execute and acquire the movement in labordteey settings, in a
continuous modality, for long periods; therefohey might allowto collecta great
number of consecutive gait cycles during spontanesadking in daily life
environmentg12].

In4dla protocol, named 6éOutwal kd, was pro
pelvis relative to the thorax (TP joint), and of the loetbs with an IMMS. Outwalk
was designed to be suitable for children with Cerebral Palsy (&#niplegic
belonging to the-lll forms of the Winters et al. classificatioi22] and diplegic
belonging to thelHV of the Ferrari et al. classificatigii]) and amputees.

Since IMMSs do not provide any information about the position of the SUs,
Outwalk does not define the anatomical/functional CSs based on the identification of
single anatomical landmarks, as done in most of tbegpols for clinical gait analysis
[8, 23]. On the contrary, Outwalk defines the anatomical CSs for each segment based
on three steps (calibration procedurk)) positioning thexSUs o
pelvis, thighs, shanks and fdetlowing simple rules 2) computing the orientation of
the mean flexiorextension (FE) axis of the knees in the local CS of the SU on the
thighs; 3) measuring the SUs oriewlyation
or passively) in a predefined posture (either upright or supine). These steps make the
protocol extremely simple and comfortable for the subject, which anequirements
for Outwalk application in the clinical routine.

Theaim of this work was tpreliminary validate Outwalk on ablodied subjects,
using the calibratio in upright posture. Positive results would support the
commencement of a clinical trial of Outwalk with subjects able to keep this posture,
e.g. transtibial amputees.
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2. Methods

2.1 0Outline of the validation procedure

For the validation of Outwalk we defined an original stepwise approach.

Since a nofinvasive goldstandard for the lowdimb kinematics is missinf20],
we compared th@ew protocol (Outwalk) based on theew system (IMMS) with
respect t@ reference protocdlCAST - [1, 2]) andsysten(optoelectronic)CAST is a
clinical gait analysis protocol featured by amatcal CSs consistent with the I1SB
recommendations; differently from Outwalk, anatomical CSs are defined based on the
identification of anatomical landmarks; the position of the anatomical landmarks is
identified through a calibration stick, relative to stiers of (typically) 4 markers
positioned over the body segments. This procedure optimizes the identification of the
landmarks, the visibility of markers and contributes to reduce th¢isafe artefact.

In particular, to isolate the differences geneddity the protocolérom thoseby the
systemsye separately evaluat¢gig. 1)

1  Test 1) the effect on joint kinematics of the different anatomical/functional CSs
defined in Outwalk and CAST; this was done by processingwhbeprotocols
starting from thesame raw data collected fust onesystem (the optoelectronic);

1 Test 2) the accuracy of the IMM®y comparing its measurements of joint
kinematics with those of the optoelectronic system, when both sources of data
are processed using tee@me protoco{CAST);

1  Test 3) the differences between the kinematics of Outwalk and CAST, when the
first is applied to the IMMS data, and the second to the optoelectronic system
data; this represents the overall assessment and comprises the effect of Test 1
and Test 2.

Regarding Test 1 and 3,we both verified:
1a 3a) to which extent Outwalk and CAST kinematics can be interchanged;
1b, 3b) if Outwalk and CAST kinematics are as similar as the kinematics measured by
CAST and other four popular protocols for clinical gaiabsis, namely Total3DGait
(Total3Dg) [13], Plugin Gait (PiG)[5], SAFLo [9] and LAMB [18], using[8] as
reference.

The advantage of this approach is that results from Test 1 and 2 are independent.
This means that a change in Outwalk, wilit mffect the accuracy of the hardware
which will not need to be investigated again. Similarly, evolutions in the IMMS
technology will not affect the similarity of Outwalk and CAST, which will keep its
validity. Moreover, the separate evaluations of Tdstsnd 2 allow to identify the
causes of the differences shown in Test 3 (overall assessment), i.e. to draw back
differences to either the definition of the CSs or to the accuracy of the IMMS, thus
guiding future improvements.

All the data required for Tés 1, 2 and 3 were acquired at the same time, on the
same subjects.
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Fig 1. Schematic representation of the thséeps approach used for
Outwalk validation irvivo. Test 1 assesses the similarity between
Outwalk and CAST, when both are applied with the Vicon
(optoelectronic system). Test 2 assesses the accuracy of the Xsens
systen (IMMS) compared to Vicon, through the application of the
same protocol (CAST) with both systems. Test 3 assesses the
similarity between Outwalk and CAST when the former is applied
with the Xsens and the latter with the Vicon system.

2.2 Subjects descrigion

Four asymptomatic subjects (AF: 26 years, Body Mass Index (BMI) 21; PG 28 years,
BMI 26; MR 29years, BMI 21; AC 31 years, BMI 23) participated in the experiment
after giving theirinformed consent. For subjects AF, PG, AC we acquired both leg
For MR we acquired thaght leg only. On the whole, therefore, the kinematicgl of
TPs, and 7 limbs (i.e. ffips, 7 kneesand7 ankles) waacquired and processed.

2.3 IMMS and optoelectronic systems saip

The Xsens system (Xsens Technologies, NL) wasl as IMMS. It consistsf up to
10 SUs(called MTx) connected byvire to a datdogger, usually worn on the belt.
The localCSof the SU is aligned with the boundaries of $1&J dax with an error <
3° (Xsens Technical ManugalA Vicon MX 1.3 (Oxford Metics Group, UK) was used
as reference optoelectronic system.

As required by CAST, markers were arranged in clusters of four. The base for each
cluster was a lightweight doublayer cardboard (11g), 12x12 cm. A SU was attached
underneath each cluster. ©hgh an haneye calibratiori3, 15], the local CS of each
cluster was defined in such a way that its axes were overlapped with those of the CS of
the SU in static conditions. The clusters thue c ame fAvi rt ual SUs o
optoelectronic system.

For all Tests, Xsens and Vicon were run simultaneously. Their sampling frequency
was set to 100HZTo allow the synchronous acquisition of data by the systems, the
Xsens internal clock was outpfrom the system (see Xsens Manual) and connected to
the Vicon A/D converter, and sampled at 5000Hz. The rising edges of the Xsens clock
(which is a square signal) were thus known in the Vicon-tineeand were used to
frame the Vicon data accordingly.
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Before proceeding with the -wivo tests, we checked the stability of the
electromanetic field of the laboratori6]. Thelocal magnetidield was foundto be
homogeneous

2.4 Protocols application and trials performed
For each subject, the Xsens SUs with on top the clusters of 4 markers were positioned
as described if4], over thorax, pelvis, thighs, shanks and {€gg. 2).

Fig 2. Eight Xsens SUs and clustepositioned over the body of a
subject. The white box is the Xsens dmigger (called Xbus
Master).
For CAST, the anatomical landmarks thforax, pelvis, thigh, shank and foot

described irf2], werecalibrated relative to the clusters of the different segmesitgy
a calibration sticf2], while the subject stood in the upright posture; the orientation of
the CAST anatomicaCSswas t hen rel ated to the cl uste
segment the orientation of the CAST anato
in static conditions the relative orienta
Sect. 2.3 about the hamye calibration). The orientation of the CAST anatomical CSs
was thus available both in the Vicon and in the Xsens system.
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For Outwalk, thecalibration procedure described jd4] was followed. In
particular, during the estimation of the knee FE axis, subjects actively flexed and
extended the knee; during the static acquisitions subjeatsl still in the upright
posture. The orientations of Outwalk anatomical/functional frames were computed
relative to both the CSs of the Xsens SUs, and to the CSs of the Vicon clusters. It is
worth remembering, in fact, that thanks to the hayel calibrat on t he cl ust e
CSs were defined to overlap those of the SUs, and therefore the clusters could be
treated as Avirtual SUs o measur abl e
anatomical/functional CSs <could therefo
oriet ati on staring from the markersdé traje
orientation of Outwalk functional/anatomical CSs were thus available both in the
Vicon and in the Xsens system.

Oncecompleted the calibration phases, subjects were asked to walk along a 10m
walkway at a selfelected comfortable walking speed. For each subject 14 gait cycles
for each limb were acquired. For the TP joitite 14 right limb gait cycleswere
considered forsubsequent analyseéfter each acquisition, the gait events were
manually identified in the Vicon dafd], and then used to define the corresponding
gait cycles in theXsensdata.

2.5Data processing forTest11 Outwalk+VICON vs CAST+VICON

The aim of Test 1 was to verifjne effect on joint kinematics of the different
anatomical/functional CSs defined in Outwalk and CA8Xcluding the differences
due to the measurement accuracyeénswith respect td/icon.

For this purpose, in Test 1 we only considereddhientation during gait of the
anatomical/functional CSs obtained applying Outwalk and CAST with the Vicon
systemonly, with both protocols shieng the same markeet.

From theanatomical/functional CSs of Outwalk and CAS&asured in Vicon, the
kinematics of the TP, hip, knee and ankle joints could therefore be independently
computed for each protocol. In particular, the following j@ngleswere computed:
posterioranterior tilting (PAT), right dropise (DR),right internatexternal rotation
(IE) for the TP joint; flexiorextension (FE), adductiembduction (AA) and internal
external rotation (IE) for the hip; FE for the knee; dgsintar flexion (DP),
inversionteversion (IV) and IE for the ankle. It has been widely demonstrated that the
knee rotations other than the FE are strongly affected by thdissofe artefact
problem when measured through skiounted markers, and are thereforeeliable
[19-21]. For this reason, these angles wereamatlysed.

Since the protocols synchronoushgasured the same gait cycles, shared the same
hardware, and suffered from the same-tisfiue artefact (as they shared the same
markerset), the differences in the kinematics could be related to differendég in
definition of theCSs only.
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2.6 Data processingfor Test21 Xsensaccuracy

The aim of Test 2 was to assess the accuracy of Xsens by comparing its measurements
of joint kinematics with those of Vicon, when both sources of data are processed using
the same protocolFor this purpose, in Test @e only considered the orientation
during gait of the CAST anatomical CSs, independently measured by Vicon and Xsens
as described in section 2.4. The sgoinat-anglesdescribed in Sect. 2.5 were then
computedfrom each system.

Since Vicon and Xsens synchronously measured the same gait cycles, shared the
same anatomical CSs definitions, and suffered from the saméissaft artefact,
differences in the kinematics could be related to differences in the accuracy of the
measuremergystems only.

2.7 Dataprocessing forTest31 Outwalk+Xsensvs CAST+VICON

The aim of Test 3 was to assess the differences between Outwalk and CAST joint
kinematics, when the former is applied to the Xsens data, and the latter to the Vicon
data.

For ths purpose, from the relative orientation of Outwalk anatomical/functional
CSs measured in Xsens (Outwalk+Xsens), and the relative orientation of CAST
anatomical CSs measured in Vicon (CAST+Vicon), we computed the gante
angles describeid 2.5.

Differences between Outwalk+Xsens and CAST+Vicon kinematics were therefore
the sum of the difference between protocols (Test 1), hardware (Test 2), and
application of the protocols on the hardware.

2.8Data analysis for Test 1

To verify the similarity ofOutwalk and CAST joirangle waveforms and to which
extent they can be interchanged, we computed the 5 parameters, and tested the
condition, described in sectiorB82L.

To verify if Outwalk kinematics was as similar to CAST kinematics as this latter
to the kinematics of Total3Dg, PiG, SAFLo and LAMB we computed for subject AF
the parameters described in sectioB 2 and we compared these results with those
reported in[8]. In [8], in fact, the same parameters were computed for AF between
CAST, Total3Dg, PiG, Saflo and LAMB.

In what follows, O(t) and C(t) indicate waveforms measured (synchronously) for
the same joinaingle, during the same gait cycle, by Outwalk and CAST, respectively.
It is worth recalling that 14 couples (O(t), C(t)) were acquired for eachgaigie, as
14 is the number of gait trials measured for each TP and limb. O(t) and C(bewill

al so referred to as Acorresponding wavefo
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2.81 OUTWALKiI CASTSIMILARITYASSESSMENT

Computations were performed firstly within each jeamigle of each TP and limb
(2.8.1.1), then at sample level, i.e. between the 4 TPs and 7 limbs measurtt over
four subjects (2.8.1.2). The condition to conclude the similarity of Outwalk and CAST
kinematics for a joirtangle is then reported in Section 2.8.1.3

2.8.1.1 Computations within each TP and limb j@ingle
To assess the similarity between O(ty &xt) in terms of offset, correlation and gain,
we computed 3 parameters: the offset between O(t) and C(t) (off),Rleia r s ond s
correlation coefficientr) , and di fference betweelm thei
particular, off andeROM were defined as

1 off = mean(O(t)} mean(C(t));

f &ROM = ROMOCE)) )

In addition, to assess the overall effectofff r,and &ROM on the si
Outwalk and CAST waveformsfor each jointangle we computed theadjusted
coefficient of multiple correlation (CMC) between it4 O(t) and its14 C(t) To take
into account that each O(t) must be compared only with its synchronous C(t), we
developed a new formula for the CMC, which is a variation of the Kadaba wiidtyin
CMC [11], and removes all other sources of gaitleto-gaitcycle variability
Details are provided iAppendix1.

Finally, to measure the effect of the offset on the overall simijarérecomputed
the CMC afterzeroingoff for each couple O(t), C(t), followind.1].

The CMCs before and after offset remowaére named CMG and CMG
respectively.

2.8.1.2 Compiations between homonymic joismgles of the TPs and limbs
For each joirangle, the values a@ff, r, eROM, CMC; and CMG over the 4 TPs and
7 limbs were reported with beandwhisker plots and in terms of median and
whiskers range. Median and whiskers were used since the 5 parameters did not
generally present normal distributions for all jeémtgles (normality was testedth
with the Lilliefors test and normality plotsgased orprevious publication$l0, 11,
24), the values of CMC and were interpreted as follows

1 0.65- 0.75: moderate

T 0.75- 0.85: good

T 0.85- 0.95: very good

1 0.95- 1 excelent
2.8.1.3 Condition T1.1
To conclude that the two kinematics measured by Outwalk and CAST for-angjlet
are so similar to be interchangeable, the following condition for CdiGribution has
to be met (Condr1.1):
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1 for TP DR and lowetimb sagital plane angles: medigh excellent;
whiskersf excellent;
1 for TP PAT and lowetimb frontal & transverse plane angles: median
very-good; whiskerg from verygood to excellent
where thE amnemhesl Aid o be part of fism@a i nter
satisfied by CMg but by CMG, the similarity is verified only if the offset is not a
concern. Cond. T1.1 imposes global similarity between Outwalk and CAST
kinematics, considering all the content information of the waveforms, as in current
trends [10, 14] The ranges for the CMCs values were assumed reasonable when
dealing with the functional assessment of ataps people and CP children, and were
defined starting from the authorso6 clini
assessmenfd0, 11, 14, 24]To ensure the robustnesfkthe conclusions we imposed
the respect of the conditions by the CMC values within the whiskersistihatthe
greatest majority of CMC values (on at least the 95.4% of vahyeanalogy with
normal distributions[16].

2.82 OUTWALK-CASTvs CASTFTotal3Dg-PiG-SAFLo-LAMB SIMILARITY
ASSESSMENT

2.8.2.1 MAV and r for subject AF

In [8] the lowerlimbs kinematics of subject AF was measured at the same time with 5
protocols, i.e. CAST, Total3Dg, PiG, SAFLo, and LAMB.

For each joinangle, the similarity between the kinatics of the 5 protocols was
measured through thdAV (mean absolute variability).e.:

1 y()eis a waveform obtained by appending one after the other the waveforms
of all the trials performed by AF (4 {8]), obtained applying the protocol P
(with P=CAST, Total3Dg, PiG, SAFLo, LAMB) for the specific joiangle;
T M(t), m(t) indicate the maximum and minimum values ofpditnong the 5
protocols, atime frame t;
I T =total number of frames considering all the trials of subject AF.
As in [8], MAV was then computed here for each j@ngle of each side of AF
considering the protocols Outwalk and CAST, andl#hérials performed.
In addition, in[8] r was also computed between the janigle waveforms of
CAST and Total3DgPiG, Saflo, and LAMB for AF, providing an estimate of the
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correlation between pairs of protocois(Sect. 2.8.1.1) was also computed here for
each joirtangle of each side of AF.

2.8.2.2 Conditions T1.2 and T1.3

Based orMAV andr, to conclude tha®utwalk could be potentially used in clinies
it is the case for CAST, Total3Dg, PiG, Saflo, and LAMB, the following 2 conditions
have to be met for each joiangle:

Cond. T1.2) the MAV for Outwalk CAST must be lower than the values reported
in [8] for CAST- Total3Dgi PiGi Saflo- LAMB;

Cond. T1.3) he value of for Outwalk- CAST must be higher than the lowest
reported in[8] for the pairwise comparisons CAST vs Total3Dg, PiG, Saflo, and
LAMB.

It is important to notice that the satisfaction of Conds T1.2 and T1.3 is required to
support Outwalk potentials in clinics, but not sufficient: conclusiatll need to be
further coriirmed on clinical populations.

2.9 Data analysisfor Test 2

In what follows, X(t) and V(t), indicate waveforms measured synchronously for the
same joirdangle, during the same gait cycle, by Xsens and Vicon, respectivelgr As

(O(t), C(t), 14 couples (X(t), V(1)) were acquired for each jaingle. X(t) and V(t)

will be referred to as Acorresponding wa

To measure the accuracy of Xsens in measuring the TP andliolgtinematics,
we used the same parameters camghdior Test 1. Specifically, the similarity of X(t)
and V(t) was assessed through the 5 parameférg, eROM, CMC, and CMG,
firstly within each jointangle and theover the 4 TPs and 7 limbs acquired.

To conclude that for a given jokaingle, the dyamic accuracy of Xsens is suitable
for clinical applications, the same condition for CM&hd CMG described in Sect.
2.8.1.3has to be met. When referred to Test 2, the condition will be named Condition
T2.1 (Cond. T2.1).

2.10Data analysisfor Test 3

Similarly to Test 1 and 2,ni what follows OX(t) and CV(t) indicate waveforms
measured synchronously for the same jaimgle, during the same gait cycle, by
Outwalk+Xsens and by CAST+Vicon, respectively. Fourteen couples (OX(t), CV(t))
were acquired for edgoint-angle of each TP and limb. OX(t) and CV(t) will be also
referred to as Acorresponding wavefor mso

2.10.1 PARAMETERS ANQUTWAKHEXSEENSE ONNBOR 0
OCAST+VI CONO RBMSMEARI TY

As for Tests 1 and 2, the similarity of OX(t) and CV(t) was assessed through the 5
parameterff, r, &aROM, CMC,; and CMG, firstly within each joirtangle of each
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limb and thenover the 4 TPs and 7 limbs acquiretb conclude that the two
kinematics meased by Outwalk+Xsens and CAST+Vicon for a jeaigle are so
similar to be interchangeable, the same condition for Cat@ CMG described in
Sect.2.8.1.3has to be met. When referred to Outwalk+Xsens and CAST+Vicon, the
condition will be named Condition3T1 (Cond. T3.1).

2.10.20UTWALKCASTvs CASFTotal3Dg-PiG-SAFLo-LAMB SIMILARITY
ASSESSMENT

To verify if Outwalk+Xsens kinematics was as similar to CAST+Vicon kinematics as
this latter to the kinematics of Total3Dg, PiG, SAFLo and LAMB (through Vicon) we
proceeded as for Test[&]. Specifically, we compted for subject AF MAV andr
between Outwalk and CAST jokaingles waveforms, and we compared the results
with those reported ifi8]. Based onMAV andr, to conclude that Outwalkan be
potentially used in the clinical practiees CAST, Total3Dg, PiG, Saflo, and LAMB,
the same conditions described incS&.8.2.2for Test 1hasto be met.When
referred to Test 3, the conditions will be named Condition T3.2 and T3.3.

3. Results

3.1Testl
Figure 3, reports the Outwalk and CAST kinematics for one subject (AF), over the
14 gait cycles. Similar resultgere obtained for the other subjects.
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Fig 3: 14 gait cycles for subject AF, as measured by Outwaikylft plots) and
CAST (dark plots). For each joirangle, the CMgand CMG are provided.
Since the knee varuslgus and internadxternal rotation will not be
considered in the clinical routine due to their low accurfi@], they are
reported over a gray background
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3.1.1 OUTWALKiI CASTCOMPARABILITYASSESSMENT

Results foroff, r andadROM are reporteih Appendix2, while results for CMgand

CMCG,; follow. This was done in the interest of breyiipnd since CMgand CMG are

expressions of the conjoint effectaff,rand &@ROM on joint Kkinema:
Figure4 reportsthe CMC; and CMC; values for each joiringle. Each boplot

contains 1 CMC value for each TP and limb examined, i.e. 4 for the TP and 7 for the

hip, knee and ankle joints. To provide a visual analogy for the CMC values, Figure 3

also reports the values 6BMC; andCMC,for the waveforms ofubject AF.
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Fig 4a,bb TEST 1. Boxandwhiskers plots for CMC1 (a) and CMC2 (b). CMC1 and
CMC2 measure the withijpint-angle similarity between CAST and Outwalk
waveforms. Distributions are here reported over 4 TPs and 7 hips, kretes an
ankles. Boxplots are reported only for those jemmgles in which all values
were real numbers.

In Figure 4, CMG boxplots are reported only for those joimgles in which all
values were real numbers. Since BRIC, takes into account the overalffect of
offset, correlation and gain between waveforms, if the offset is comparable with the
ROM, the numerator of CMC can be greater than the denominator, thus leading CMC
to complex values. Real CM®alues were obtained for the sagittal plane kinersati
and the hip AA, with at least vegood similarity. In particular, all values within
whiskers for hip FE, knee FE and ankle DP were always higher than 0.97, with
median equal to 1, i.e. with an excellent similarity. For the hip AA, values within
whiskes were greater than 0.93 (very good similarity), with a median equal to 0.96
(excellent similarity).

Once removed the offset between corresponding waveforms of Outwalk and
CAST, CMC values greatly improved (Figo)4 CMGC,values were greater than 0.9 for
all joint-angles, that is representative of a vgopd to excellent similarity. In
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particular, sagittal plane jowstngles presented an excellent similarity with values
always greater than 0.98, and equal to 1 for hipkiREe FE and ankle DP. For frontal
plane jointangles, the similarity ranged between vgood to excellent for all values,
with medians in the fAexcellentod range. |
AA, al | val ues wer e gewsinilanly to sagittaleplan@d anglese | | e |
The transverse plane angles presented result slightly worse that the other planes, but
still with all values within the vergood to excellent range and median values within
the excellent range.

Based onCMC; resuls, Cond. T1.1 was satisfied only by hip FE, AA, knee FE
and ankle DP. Based on CM@nstead, the condition was satisfied by all j@ngles.

3.1.20UTWALKCASTvs CASTFTotalBDg-PiG-SAFLo-LAMB SIMILARITY
ASSESSMENT

Table 1reports theMAV values betweerDutwalk and CAST. The corresponding
values forMAV between CASTTotal3DgPiG-SAFLo-LAMB are also reported as in
[8]. All MAV values reported for OutwalkAST were smaller than those reported for
CAST-Total3DgPiG-SAFLo-LAMB. Cond. T1.2 was thus completely satisfied.
TABLE 1

MAYV [deg]
RIGHT SIDE LEFT SIDE
TEST 1| TEST 3|RefereN rear 1 | TEST 3| ReEferend
e valueg e valueg

Hip FE 4.2 5.2 20.4 11 2.3 18.2
Hip AA 2.3 2.8 6.1 6.0 6.7 8.2
Hip IE 3.4 2.4 17.0 55 7.0 21.0
Knee FE 21 3.6 5.8 1.7 15 7.7
Ankle DP 0.6 14 25.5 0.6 11 26.8
Ankle IV 9.9 10.0 18.5 10.6 10.5 18.2

Ankle IE 10.5 11.8 12.0 9.5 7.8 20.8

Table 1 MAV values for the right and left side jokaingles of subject
AF. For each side, the left column reports the results for Test 1
(Outwalk+Vicon vs CAST+Vicon), the central column for Test 3
(Outwalk+Xsens vs CAST+Vicon), while the right column the
referene values for CAST Total3Dgi PiGi SAFLo - LAMB,
used in combination with a Vicon system, reproduced f&m

Italic bold fonts indicate those johaingles for which OutwalCAST
has smaller values than the reference. Results for the TP joint are not
reported since it was not consideredgh
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Table 2finally reports ther values between Outwalk and CAST. It also reports the
reference values as presentefBi for the pairwise comparisons CAST Wstal3Dg
PiG-SAFLo-LAMB. The correlation between Outwalind CAST was always the
best or the second best. Thiseans that Cond.1T3 was also largely satisfied.

TABLE 2

Right side Left side
Hip Knee  Ankle Hip Knee Ankle
FE AA IE FE DP IV IE FE AA IE FE DP IV IE

Test 1 1.0000.9970.9931.0000.997 0.958 0.8401.00C€0.997 0.966 1.000 0.9970.867 0.979
Test 3 0.9990.9940.9730.999 0.988 0.939 0.7500.9970.998 0.948 0.999 0.9900.850 0.912
T3Dg 0.9990.994-0.1840.9990.988 0.971 0.926 0.99€ 0.996 0.246 0.999 0.996 0.979 0.702
PiG  0.9950.994-0.1820.996 0.980 0.99£0.9970.007 0.997 0.970

SAFL0 0.9970.9630.8470.9950.977 0.090 0.797 0.9950.950 0.720 0.992 0.961-0.06€ 0.880
LAMB 0.9980.9940.1370.9990.9780.741 0.717 0.99€0.976 0.641 0.999 0.980 0.856 0.909

Table 2 r values for the right and left side joiahgles of subject AF. Row 1 reports
the results for the correlation between Outwalk and CAST applied with the Vicon
only (TEST 1); row 2 the results for the correlation between Outwalk+Xsens and
CAST+Vicon (TEST 3 rows 36 the results for the correlation between
Total3Dg, PiG, SAFLo, LAMB and CAST, as [8].

In row 1, italic bold and bold indicate those joiraingles for which the correlation
reported in the row is the highest and the second highest relative to the correlations
reported in rows &. Similarly inrow 2, italic bold, bold, andunderlinedfonts
indicate those joir&ngles for which the correlation in the row is the highest, the
second, and the third highest with respect to the correlations reported in-ows 3
Results for the TP joint are not repast since it was not considered[8]. Gray
cellswere used for PiG on ankle IV and IE, since PiG does not compute these two
joint-angles.

3.2Test2

Figure 5 reports the Xsens and Vicon kinematics over the 14 gait cycles of subject
AF, the same subject whose results are reportdegin3 of Test1. Similar results

were obtained for the other subjects.
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Fig 5. TEST 2: 14 gait cycles for subject AF, as measured by X$eighi{plots) and
Vicon (dark plots). For each joirangle, the CMC1 and CMC2 is provided.
Since the knee varaglgus and internadxternal rotation will not be considered
in the clinical routine due to their low accurgd®], they are reported over a
gray background.

It can be noticed a very good agreement, especially fopotheangleswith greater
ROM. Occasionally, sudden orientationjastments were observad the Xsens
signals, especially at the ankle. These were generally associated to those parts of the
gait cycle where a sudden change from high to low acceleration takes place, and were



