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General introduction  
 

 
The treatment of the Cerebral Palsy (CP) is considered as the ñcore problemò for 

the whole field of the pediatric rehabilitation. The reason why this pathology has such 

a primary role, can be ascribed to two main aspects. First of all CP is the form of 

disability most frequent in childhood (one new case per 500 birth alive, (1)), 

secondarily the functional recovery of the ñspasticò child is, historically, the clinical 

field in which the majority of the therapeutic methods and techniques (physiotherapy, 

orthotic, pharmacologic, orthopedic-surgical, neurosurgical) were first applied and 

tested. The currently accepted definition of CP ï Group of disorders of the 

development of movement and posture causing activity limitation (2) ï is the result of 

a recent update by the World Health Organization to the language of the International 

Classification of Functioning Disability and Health, from the original proposal of 

Ingram ï A persistent but not unchangeable disorder of posture and movement ï dated 

1955 (3). This definition considers CP as a permanent ailment, i.e. a ñfixedò condition, 

that however can be modified both functionally and structurally by means of child 

spontaneous evolution and treatments carried out during childhood. The lesion that 

causes the palsy, happens in a structurally immature brain in the pre-, peri- or post-

birth period (but only during the first months of life). 

The most frequent causes of CP are: prematurity, insufficient cerebral perfusion, 

arterial haemorrhage, venous infarction, hypoxia caused by various origin (for 

example from the ingestion of amniotic liquid), malnutrition, infection and maternal or 

fetal poisoning. In addition to these causes, traumas and malformations have to be 

included. The lesion, whether focused or spread over the nervous system, impairs the 

whole functioning of the Central Nervous System (CNS). As a consequence, it affects 

the construction of the adaptive functions (4), first of all posture control, locomotion 

and manipulation. The palsy itself does not vary over time, however it assumes an 

unavoidable ñevolutionaryò feature when during growth the child is requested to meet 

new and different needs through the construction of new and different functions.  

It is essential to consider that clinically CP is not only a direct expression of 

structural impairment, that is of etiology, pathogenesis and lesion timing, but it is 

mainly the manifestation of the path followed by the CNS to ñreò-construct the 

adaptive functions ñdespiteò the presence of the damage. ñPalsyò is ñthe form of the 

function that is implemented by an individual whose CNS has been damaged in order 

to satisfy the demands coming from the environmentò (4). Therefore it is only possible 

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 CP and, on the other 

hand, 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 this thesis is aimed at guiding the interpretation of CP. First of 

all the issue of the detection of the palsy is treated from historical viewpoint. 

Consequently, an extended analysis of the current definition of CP, as internationally 

accepted, is provided. The definition is then outlined in terms of a space dimension 

and then of a time dimension, hence it is highlighted where this definition is 

unacceptably lacking. The last part of the first section further stresses the importance 

of shifting from the traditional concept of CP as a palsy of development (defect 

analysis) towards the notion of development of palsy, i.e., as the product of the 

relationship that the individual however tries to dynamically build with the 

surrounding environment (resource semeiotics) starting and growing from a different 

availability of resources, needs, dreams, rights and duties (4).  

In the scientific and clinic community no common classification system of CP has 

so far been universally accepted. Besides, no standard operative method or technique 

have been acknowledged to effectively assess the different disabilities and 

impairments exhibited by children with CP. CP is still ñan artificial concept, 

comprising several causes and clinical syndromes that have been grouped together for 

a convenience of managementò (5). The lack of standard and common protocols able 

to effectively diagnose the palsy, and as a consequence to establish specific treatments 

and prognosis, is mainly because of the difficulty to elevate this field to a level based 

on scientific evidence.  

A solution aimed at overcoming the current incomplete treatment of CP children is 

represented by the clinical systematic adoption of objective tools able to measure 

motor defects and movement impairments. A widespread application of reliable 

instruments and techniques able to objectively evaluate both the form of the palsy 

(diagnosis) and the efficacy of the treatments provided (prognosis), constitutes a 

valuable method able to validate care protocols, establish the efficacy of classification 

systems and assess the validity of definitions. 

Since the ó80s, instruments specifically oriented to the analysis of the human 

movement have been advantageously designed and applied in the context of CP with 

the aim of measuring motor deficits and, especially, gait deviations. The gait analysis 

(GA) technique has been increasingly used over the years to assess, analyze, classify, 

and support the process of clinical decisions making, allowing for a complete 

investigation of gait with an increased temporal 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 musculoskeletal 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, 

according to performances of the technologies available at that time. In particular, the 

stereophotogrammetric systems mainly based on optoelectronic technology, soon 

became a gold-standard for motion analysis. They have been successfully applied 
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especially for scientific purposes. Nowadays the optoelectronic systems have 

significantly improved their performances in terms of spatial and temporal resolution, 

however many laboratories continue to use the protocols designed on the technology 

available in the ó70s and now out-of-date. Furthermore, these protocols are not 

coherent both for the biomechanical models and for the adopted collection procedures. 

In spite of these differences, GA data are shared, exchanged and interpreted 

irrespectively to the adopted protocol without a full awareness to what extent these 

protocols are compatible and comparable with each other.  

Following the extraordinary advances in computer science and electronics, new 

systems for GA no longer based on optoelectronic technology, are now becoming 

available. They are the Inertial and Magnetic Measurement Systems (IMMSs), based 

on miniature MEMS (Microelectromechanical systems) inertial sensor technology. 

These systems are cost effective, wearable and fully portable motion analysis systems, 

these features gives IMMSs the potential to be used both outside specialized 

laboratories and to consecutive collect series of tens of gait cycles. The recognition 

and selection of the most representative gait cycle is then easier and more 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 examining the differences among five most representative GA protocols in order to 

assess the state of the art with respect to the inter-protocol 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, named óOutwalkô, contains original and 

innovative solutions oriented at obtaining joint kinematic with calibration procedures 

extremely comfortable for the patients. The results of a first in-vivo validation of 

Outwalk on healthy subjects are then provided. In particular, this study was carried out 

by comparing Outwalk used in combination with an IMMS with respect to a reference 

protocol and an optoelectronic system. In order to set a more accurate and precise 

comparison of the systems and the protocols, ad hoc methods were designed and an 

original formulation of the statistical parameter coefficient of multiple correlation was 

developed and effectively applied. On the basis of the experimental design proposed 

for the validation on healthy subjects, a first assessment of Outwalk, together with an 

IMMS, was also carried out on CP children.  

The third section of this thesis is dedicated to the treatment of walking in CP 

children. 

Commonly prescribed treatments in addressing gait abnormalities in CP children 

include physical therapy, surgery (orthopedic 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 position, and offering an effective lever for 

the ankle joint. Orthoses are prescribed for the additional aims of increasing walking 

speed, improving stability, preventing stumbling, and decreasing muscular fatigue. 

The ankle-foot orthosis (AFO), with a rigid ankle, are primarily designed to prevent 

equinus and other foot deformities with a positive effect also on more proximal joints. 
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However, AFOs prevent the natural excursion of the tibio-tarsic joint during the 

second rocker, hence hampering the natural leaning progression of the whole body 

under the effect of the inertia (6). A new modular (submalleolar) astragalus-calcanear 

orthosis, named OMAC, has recently been proposed with the intention of substituting 

the prescription of AFOs in those CP children exhibiting a flat and valgus-pronated 

foot. 

The aim of this section 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 the deposited Italian patent, is provided. A preliminary validation 

of OMAC with respect to AFO is also reported as resulted from an experimental 

campaign on diplegic CP children, during a three month period, aimed at 

quantitatively assessing the benefit provided by the two orthoses on walking and at 

qualitatively evaluating the changes in the quality of life and motor abilities. 

As already stated, CP is universally considered as a persistent but not 

unchangeable disorder of posture and movement. Conversely to this definition, some 

clinicians (4) have recently pointed out that movement disorders may be primarily 

caused by the presence of perceptive disorders, where perception is not merely the 

acquisition of sensory information, but an active process aimed at guiding the 

execution of movements through the integration of sensory information properly 

representing the state of oneôs body and of the environment. Children with perceptive 

impairments show an overall fear of moving and the onset of strongly unnatural 

walking schemes directly caused by the presence of perceptive system disorders. 

The fourth section of the thesis thus deals with accurately defining the perceptive 

impairment exhibited by diplegic CP children. A detailed description of the clinical 

signs revealing the presence of the perceptive impairment, and a classification scheme 

of the clinical aspects of perceptual disorders is provided. In the end, a functional 

reaching test is proposed as an instrumental test able to disclosure the perceptive 

impairment. 
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Chapter 1  

 

GUIDE TO THE INTERPRETATION OF  

CEREBRAL PALSY  
 

 

Abstract  

The term óCerebral Palsyô (CP) commonly designates a group of conditions 

characterized by chronic motor impairment due to an early occurrence of a stable 

lesion to the brain. The motor disability in CP commonly includes several aspects of 

organization and control of movement and posture. The motor impairment may lead to 

orthopedic complications that further restrict motor abilities. Other clinical problems 

may be associated with motor impairment because of lesions caused by the same 

pathological process or because of restricted motor development. Associated problems 

may include sensory and perceptual impairment, notably visual impairment, cognitive 

impairment, affective and behavioral disturbances. Given its inclusiveness the term 

implies a lot of heterogeneity in terms of etiology as well as types and severity of 

motor and associated disabilities. 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 process of CP, starting from the identification of the motor defects 

up to the recognition of the perceptive impairments, underling the contribution 

provided by gait analysis; 

2. present the main, universally accepted clinical definition for CP, thus proving 

why CP is not properly a disease and why it must be considered as an 

interaction problem between the individual and the environment that involves 

and acts on different levels of functioning, disability and health. 

 

This chapter is largely based on the studies published in the book of Ferrari A. et al., 

ñThe spastic forms of cerebral palsy: a guide to the assessment of adaptive functionsò 

published by Springer 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 III, by which he hints at his 

condition as being related to prematurity and respiratory disorders.  

ñI, that am curtailôd of this fair proportion, cheated of feature by dissembling 

nature, deformôd, unfinishôd, sent before my time into this breathing world, scarce half 

made up, and that so lamely and unfashionable that dogs bark at me, as I halt by themò 

(William Shakespeare, Richard III). 

Historical documents report how the existence of children with movement 

disorders was already known at the time of the Sumerians, and certainly Hippocrates 

was aware 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 ñcerebral palsyò in his famous work of 1861 (3). He especially investigated 

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 data collection 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 deformities were caused by asphyxia and cerebral 

hemorrhage secondary to delivery distress. A new nosological entity was then defined 

and named ñLittleôs Diseaseò. 

Sigmund Freud, in his ñDie infantile Cerebrallahmungò (Infantile cerebral palsy), 

written in 1897 (4), investigated the causes of these motor disorders, ascribing, in 

contrast with Little, more importance to pre-term birth and to intrauterine development 

disorders than to distress suffered during delivery. It is interesting to notice how, in the 

same work, Freud points at the inadequacy of the nosological entity of ñCPò as a 

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 definition 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 focus on disabled 

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 

number 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 

nervous 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 AACP 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 classification of CP, an AACP 

conference was held. A definition, which is still very popular today, resulted from the 

conference, according to which CP must be considered as ña permanent but not 

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 severityò. With the same objective, in England, 

Ronnie Mac Keith and coworkers in 1964 published, edited by Martin Bax, a 

definition of CP which still has the widest international consensus, according to which 

ñcerebral palsy is a posture and motion disorder, due to a defect or a lesion of the 

immature brain. For practical aims, we need to exclude from cerebral palsy those 

disorders of posture and motion which are 1) short-term, 2) due to a progressive 

disease, 3) exclusively due to mental retardationò (5). It is partly surprising that the 

definition of CP remained quite unchanged for 50 years, probably thanks to its 

simplicity and to the fact that it is function-based. However, this definition nowadays 

comprise important limitations, both theoretical and practical, and should probably be 

updated considering the enormous progress 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, requiring 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 individual, which, 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 impairments 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 subgroup 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 the spatial-temporal aspects of sensory 

information and on the base of their mutual coherence to produce organized motor 

behavior. In other words, the cognitive-perceptual-motor dysfunction that entails with 

the inability to adapt and to integrate environmental experiences 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 primary syndrome responsible for 

the long-term 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 the investigation of genetic and 

metabolic diseases, historically CP was the first rehabilitation subject receiving 

benefits from the application of the methods and techniques for the objective study of 

the human movement (7, 8). Since the ó80s, the application of instruments specifically 

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 analysis" (GA) 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 clinical use in 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 measurement systems permitted to describe 

quantitatively the gait features according with the clinical language (9). Perry (10), 

Sutherland (11-13) Davis (14) and Kadaba (15), have been pioneers in the clinical 

application of gait analysis techniques to assist in the treatment 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 adaptations to musculoskeletal 

disorders in walking. Following the extraordinary evolutionary process of the 

computer science, measuring systems for GA are becoming more and more cheap, 

user-friendly and comfortable for patients (16). GA is therefore destined to become 

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 

impairments through a ñmagnifying glassò that are focused and particularized graphs, 

ii) 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 CP is therefore 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 to the orthoses 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 as a ñpersistent but not unchangeable disorder of 

posture and motion, due to an organic and not progressive alteration of the cerebral 

function, determined by pre-, peri- and post natal causes, before its growth and 

development are completedò, the definition with the current and widest international 

consensus states: ñCerebral Palsy describes a group of disorders of the development 

of movement and posture, causing activity limitation, that are attributed to non-

progressive disturbances that occurred in the developing foetal or infant brain. The 

motor disorders of cerebral palsy are often accompanied by disturbances of sensation, 

cognition, communication, perception, and/or behavior, and/or by a seizure disorderò 

(Bax, Goldstein, Rosenbaum et al (18)).  

The word disorder refers to a situation, i.e. a final state, and 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 

persistent reinforces the concept of disorder as a stable and definitive situation, 

therefore not evolving (to express this concept, the term fixed encephalopathy is also 

used), while the expression not unchangeable partly weakens this concept by showing 

that motor and non-motor disorders provoked by CP can however 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, it is necessary 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 certain function in fact 

will subsequently hinder the acquisition of further functions related to it (14). The 

expression alteration of cerebral function underlines that palsy provokes the inability 

of the whole CNS, rather than the deficiency of one or more single organs. The word 

cerebral has 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 the sum of the 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 of CNS. It is well know that the lesion of 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 expression growth and development of the nervous system, which refers to the 

adjective ñcerebralò rather than to the noun ñfunctionò, means that palsy in children 

differs from palsy in adults, being characterized by a lack of function acquisition 

instead of the loss of already acquired functions. 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 alternative solutions, functional substitutions, and 

adjustments that make the individual able to build the function ñdespiteò the lesion 

(plasticity), on the other hand we must recognize that no system function will remain 

undamaged by the consequences of the lesion. Therefore, CP rehabilitation cannot be 

anything but ñglobalò. It is important to highlight that the therapeutic project has to be 

all encompassing in itself and not just an intervention performed by a single therapist. 

Rehabilitation does not have to deal with 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 the entire system (computational error), due to a 

foreseeable internal coherence (self-organization), underlying the so-called ñnatural 

historyò of any clinical form. 

As every other asymptomatic child, a child affected by CP is a living system and 

each experience, 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 to achieve 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 notion of development of palsy (19), i.e., as 

the product of the relationship that the individual however tries to dynamically build 

with the surrounding environment (resource semeiotics). ñEach individual, during his 

onthogenic development, through the interaction with 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 him to survive in the best possible wayò (20). Hence, 

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 a lack of function acquisition (compared to the usual age 

of appearance), as opposed to adult palsy as loss of already-acquired functions. During 

the construction of adaptive functions, precise development deadlines can be 

recognized. Within these deadlines the child has to become aware of his needs and of 

the rules related to the mechanisms and processes needed to comply with them. 

ñFunctional deadlines are dates within which different developmental competences, 

that are individual, neuromotor, cognitive, emotional, 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 sufficient to block a motor competence 

that otherwise would be potentially readyò (6). 

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 CP 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), and how (influence of models and environment). 

ñThe intervention of gravity in motion organization occurs during particular 

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

a significant delay in locomotion development is observed. 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 movement co-ordinationò (21). Only 

those functions acquired within determined periods (met deadlines) become part of the 

individualôs identity and therefore become impossible to renounce. In children with 

CP, identity development is not always necessarily simultaneous with motor 

development. This is why the rehabilitation of CP children requires a completely 

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

of methodology, justifies the existence of ñwindows of opportunityò beyond which the 

re-educational treatment of the function loses its intrinsic meaning. For 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 able to autonomously 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 of re-educational treatment 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 gesture disorder, perceptive organization disturbance, conceptual 

deficiency, etc.), there is a time dimension that explains how and why the individualôs 

ability to modify himself reduces according to age, while his adaptation to disability 

progressively increases. From 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 morphological 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 areaôs connections), and then a third damage or locomotion apparatus 

pathology occurs (weakness, fatigue, instability, range of joint movements limitation, 

bone deformity, etc.), which further contributes to reducing the choice of freedom 

provided by CP to the individualôs CNS (developmental disability).   
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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 concept of palsy (alteration of produced functions). The therapeutic 

proposals to modify palsy (physiotherapy, antispastic drugs, orthosis and devices, 

functional surgery, etc.) will be accepted and agreed upon, and the achieved results 

will be evaluated and positively judged, in proportion to in what way and how much 

the idea of ñpalsyò has been conveyed and understood. 

Neurological diagnosis considers palsy as the sum of the defects which are 

present in the childôs motor repertoire (spasticity, clonus, scissor pattern, etc.); 

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 he lives in, and their applicability, since 

rehabilitation treatment is precisely based on exploiting resources rather than 

eliminating defects. ñTherapyò can neither cancel CP symptoms or signs nor hide or 

disguise them (inhibit pathological reflexes, making hemiparetic patientsô motricity 

symmetrical, etc.), nor can it solve the so-called ñdevelopmental delayò. Instead, it 

will have to bring out the capabilities of the person considering his specific defects 

and residual abilities within his living environment, i.e. 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 to muscles. It could be a problem of weakness or of excessive 

power. However, 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 weak as thigh extensors and too strong as knee flexors and so on. 

It could be more adequate to conceive palsy as a movement problem, but only by 

defining which elements alter it (measure, form or content). It might indeed be a 

problem of measure: on the one hand the ñspasticò child who does not move enough, 

while on the other hand the ñdyskineticò one who moves too much. But it is difficult 

to explain how, in the same ñspasticò child, besides the problem of not moving enough 

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

It could be a problem connected to motion 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 problem related to the 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 strategies). It is not 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 

promise 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 the meaning 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 his specific 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 an interaction problem between the individual and the 

environment rather than as a problem related to posture and motion represents to the 

authorôs opinion a more effective starting point while speaking about what is and 

concern Cerebral Palsy. In CP, palsy cannot be seen or interpreted as a loss, a 

limitation, a stop, a stiffening, an obstacle, 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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Abstract  

Data collection and reduction procedures, coherently structured in protocols, are 

necessary in gait analysis in order to make kinematic and kinetic measurements 

clinically comprehensible. A protocol defines the biomechanical model and the 

procedures necessary for data collection, processing, analysis and reporting of results.  

Historically, the first laboratories set up for gait analysis developed their own 

protocol independently, according to their specific clinical requirements and to the 

technologies available at that time. In particular, the stereophotogrammetric systems 

mainly based on optoelectronic technology, became a gold-standard for motion 

analysis. Nowadays, the first protocols designed on the first stereophotogrammetric 

systems are still currently used. However, they differ considerably for the marker-set 

and collection procedures, and for the implemented biomechanical model, i.e. 

measured variables, degrees of freedom assigned to the joints, anatomical and 

technical references, joint rotation conventions, and terminology. In spite of these 

differences, gait analysis data are shared, exchanged and interpreted irrespectively of 

the protocol adopted without a full awareness to what extent these different protocols 

can be compared to each other.  

The first aim of this chapter is therefore to assess the state of art in the variability 

associated with the use of different protocols. 

A comparison was made among five worldwide representative protocols by 

analyzing kinematics and kinetics of the trunk, pelvis and lower limbs contemporarily 

during the same gait cycles. A single comprehensive arrangement of markers was 

defined by merging the corresponding five marker-sets. Two healthy subjects and one 

patient who had a special two-degrees-of-freedom knee prosthesis, 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 move and have a restricted field of view. These features therefore 

limit their use to specifically dedicated laboratories and restrict the acquisition of a 

subjectôs walk to few strides per trial, under conditions which can be far from a steady 

state. In addition, 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 problems is represented by the use of Inertial and 

Magnetic Measurement Systems (IMMSs). IMMSs are commercially available, cost 

effective and easily portable motion analysis systems. Owing to these features, the 

IMMSs might allow the user to execute and acquire movements in laboratory-free 

settings, in a continuous modality, for longer periods; therefore, allowing for the 

collection of a great number of consecutive gait cycles during spontaneous walking in 

daily life environments. 

The second aim of this chapter is to introduce the general features of the Xsens 

system (Xsens Technologies, NL), presented here as a standard IMMS. In order to use 

IMMSs for movement analysis, ad hoc biomechanical models and collection 

procedures have to be designed. The critical part of this process is that, conversely 

from the stereophotogrammetric system, it is not yet possible to obtain information 

regarding the position of the sensors. This implies that models and protocols 

developed in the past are no longer applicable, and different techniques must therefore 

be conceived.  

The third aim of this chapter is to present a novel protocol named óOutwalkô, 

designed to measure the joint kinematics during gait in every day environment, by 

means of the Xsens system. Outwalk presents original and innovative solutions 

oriented at obtaining joint kinematics, without referring to trajectories of anatomical 

landmarks. Furthermore, Outwalk was specifically developed to measure thoraxï

pelvis and lower-limb kinematics, in clinical settings, 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, Outwalk was validated on four healthy subjects when used in 

combination with an Xsens system, against a reference protocol (CAST) and an 

optoelectronic system, Vicon (Oxford Metrics Group, UK). For this purpose, an 

original approach based on three tests was developed in order to separately 

investigate: 

1) the consequences on joint kinematics of the differences between protocols 

(Outwalk vs. CAST), 

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

3) the summation of protocolsô differences and hardware accuracy (Outwalk + Xsens 

vs. CAST + Vicon). 

Furthermore, in order to conclude that Outwalk is at the state of the art as a standard 

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

from the other five protocols assessed in the first section of this chapter under the 

same experimental conditions. 

In the fifth section a test of Outwalk on children affected by CP is reported. This 

experiment was aimed at investigating the validity of the Xsens system together with 

Outwalk, when used on a pediatric pathologic population. The children involved were 

firstly measured in combination with a reference system (Optotrak; Northern Digital 

Instruments, Canada) and protocol (CAST); then measured in a reserved area outside 
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the laboratory, while wearing just the IMMS, in order to establish the influence of 

laboratory setting itself on gait patterns and to assess the Outwalk feasibility in 

measuring the gait during long distances. 

Finally at the end of this chapter, a new formulation of the óCoefficient of Multiple 

Correlationô (CMC) is presented and analyzed. CMC is hereby proposed as a synthetic 

parameter able to effectively measure the overall similarity of joint-angle waveforms 

acquired synchronously through different media (e.g. different protocols or 

measurement systems), when the effect of the media on waveforms similarity is the 

only relevant aspect. The new formulation of the CMC has already been used in the 

validation of Outwalk, and has been proposed in order to be particularly useful when 

comparing the outcomes of different protocols especially for pathologic populations, 

where the biological variability can be of a greater magnitude compared to healthy 

subjects.  
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Abstract  

Data collection and reduction procedures, coherently structured in protocols, are 

necessary in gait analysis to make kinematic and kinetic measurements clinically 

comprehensible. The current protocols differ considerably for the marker-set and for 

the biomechanical model implemented. 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 kinetics of the trunk, pelvis and lower limbs exactly over the same gait 

cycles. A single comprehensive arrangement of markers was defined by merging the 

corresponding five marker-sets. This resulted in 60 markers to be positioned either on 

the skin or on wands, and in 16 anatomical landmark calibrations to be performed with 

an instrumented pointer. Two healthy subjects and one patient who had a special two 

degrees of freedom knee prosthesis implanted were analysed. Data from up-right 

posture and at least three gait repetitions were collected. Five corresponding experts 

participated in the data collection and analysed independently the data according to 

their own procedures. 

All five protocols showed good intra-protocol repeatability. Joint flexion/extension 

showed good correlations and a small bias among protocols. Out-of-sagittal plane 

rotations revealed worse correlations, and in particular knee abduction/adduction had 

opposite trends. Joint moments compared well, despite the very different methods 

implemented. The 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 with similar biomechanical models, 

whereas little influence seems to be ascribed to the marker-set  
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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 for data collection, processing, analysis and reporting of the 

results. Historically, probably because of the constraints implied in the pioneering 

technology, only few laboratories have developed their own protocol independently 

according to specific clinical requirements [5]. In addition to the different marker-sets 

and collection procedures, many important differences exist between the current 

protocols also in the biomechanical model, which includes the measured variables, 

degrees of freedom assigned to the joints, anatomical and technical references, joint 

rotation conventions, and terminology. In spite of these differences, gait analysis data 

are shared, exchanged and interpreted irrespectively of the protocol adopted. Recent 

international initiatives in clinical gait analysis, such as web-accessible 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 produce 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 óNewington modelô [8,9] is the pioneer and the most commonly used 

technique for gait data acquisition and reduction. It has been also the basis of many 

commercial software packages, the most recent being Plug-in Gait (PiG - Vicon 

Motion Systems, Oxford, UK). The protocol developed at the óServizio di Analisi 

della Funzione Locomotoriaô (SAFLo - [10]) implemented different segmental 

anatomical references and external marker configurations. A little later, a distinction 

between internal anatomical landmarks and external technical markers was introduced 

[11]. This óCalibration Anatomical System Techniqueô (CAST) was followed by 

definitions of the references [12] and a standard application [13]. Taking advantage of 

recently published recommendations [14,15], the protocols óLaboratorio per lôAnalisi 

del Movimento nel Bambinoô (LAMB) [16] and óIstituti Ortopedici Rizzoli Gaitô [17] 

were also proposed. The latter was the basis of the software óTotal 3D Gaitô (T3Dg ï 

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 bones, which have unpredictable effects [19,20]. In addition, 

there is natural intra-subject variability [21,22], particularly associated to different 

walking speeds. Furthermore, large differences have been observed among subjects 

[23-27], mainly associated to age, gender, body mass index, and probably to ethnic 

characteristics. Intra- [28] and inter-examiner [29] gait data variability, resulting from 

inconsistent bony landmark identification and marker positioning, has also been 

underlined. Inter-laboratory variability has also been analysed, before [5] and after 

[30] relevant instructions provided to the examiners. However, all of these studies 

were based on the óNewington modelô or its modifications, limiting the figures of 

variability to that single protocol. A quantification of inter-protocol variability is 
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fundamental to separate the variability associated to the protocol in itself from that of 

all the other sources. Only a partial comparison between two software versions of the 

óNewington modelô has been reported [31]. Considerable differences 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 the inter-protocol variability of five 

different protocols and this was achieved by analysing exactly the same gait 

acquisition. In order to remove the variability associated to repeated gait cycles and to 

focus on variability associated to more conceptual differences, a single comprehensive 

marker-set was devised from the union of the corresponding five. This would 

contribute to giving a quantitative picture of all the sources of variability, from the 

intra-subject to the inter-protocol. By looking at several repetitions of the gait cycle, 

we were aimed also at comparing intra- with inter-protocol variability. Finally, the 

performance of these protocols was compared also by analysing the errors implied in a 

special condition where one joint degree of freedom was known a priori. 

 

2. Material and Methods  

A single marker set was designed to implement the five protocols under analysis, i.e. 

T3Dg [17], PiG [8,9], SAFLo [10], CAST [13], LAMB [16], by limit ing the total 

number of necessary markers. This ultimately included 60 markers (Figure 1): 22 on 

each leg, 5 on the pelvis and 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 up-right posture acquisition. As for the CAST, four technical markers were 

attached to each segment [13,19,32]. 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 using a pointer on which two markers were located at 

known distances from the tip [11-13]. All the other landmarks necessary for this 

protocol were calibrated by using corresponding markers in a single static up-right 

posture. 
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Fig 1: Diagram of the marker-set (antero-lateral ï left and postero-lateral ï 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 about the medio-lateral 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 by an 

eight-camera 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 trials 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 trajectories and ground 

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 data filtering or 

smoothing, those characteristic of each protocol, were applied independently by each 

expert. Neither normalisation nor off-set subtraction was performed. Relevant gait 

analysis results from the five elaborations and from the repetitions were then 

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 

moments in 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 variable, the mean 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 intra-subject variability, MAV and MRV% 

were also calculated for some variables that are independent from protocol-based 

processing, i.e. the vertical co-ordinate of markers and ground reaction force. 

Coefficients of correlation (Pearson moment) between any possible couple of 

protocols were calculated by standard statistical analysis (Matlab, Mathworks, USA), 

as used elsewhere [33]. The significance level of each correlation coefficient was 

obtained by computing the p-value. If the p-value was small, say less than 0.001, the 

correlation was statistically significant. The mean over trials of the correlation 

coefficients for each gait variable was calculated after a óz-distributionô transformation 

[34]. 

3. Results  

A very small intra-subject variability for both kinematic and kinetic results was 

observed in each subject. In subject AF, MRV% for the vertical co-ordinate of the 

sacrum, lateral epicondyle and lateral malleolus was 9.0%, 9.2%, and 4.9% 

respectively. MRV% of the vertical, medio-lateral and antero-posterior components of 

the ground reaction force 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 over protocols (Figure 2), a single representative trial is 

reported from now on. 
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Fig 2: Internal/external rotation at the left knee of subject AF as calculated by 

T3Dg (dash), PIG (dot lines), SAFLo (dash-dot), CAST (black solid), 

and LAMB (grey thick-solid) 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 pelvis 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 1.4 1.5 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 3.3 2.8 3.5 3.0 3.2 3.8 3.4 2.6 3.5 2.9 

Hip Abduction/Adduction 1.7 2.5 1.9 2.7 2.3 2.4 1.7 2.6 1.9 2.7 

Hip Internal/External Rotation  3.1 2.9 3.8 2.9 4.6 6.3 3.5 3.0 4.1 2.9 

Knee Flexion/Extension 3.5 2.0 3.4 2.2 3.1 3.1 3.4 2.1 3.5 2.1 

Knee Abduction/Adduction 1.3 1.2 1.5 1.3 1.8 1.6 1.0 0.8 1.0 1.0 

Knee Internal/External Rotation  2.7 2.7 2.7 2.4 4.0 2.9 1.9 2.1 3.4 3.1 

Ankle Dorsi/Plantarflexion 2.4 2.3 2.5 2.1 2.1 2.4 2.1 2.1 2.7 2.4 

Ankle Eversion/Inversion 1.6 1.8   1.2 2.3 1.6 1.7 0.5 0.8 

Ankle Abduction/Adduction  2.5 3.4   2.0 3.1 1.5 3.1 0.6 0.8 

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 7.9 10.0 7.3 7.9 8.0 9.6 8.2 10.2 5.5 7.3 

Hip Internal/External 2.0 1.1 2.2 2.0   2.1 1.4 1.7 1.0 

Knee Flexion/Extension 8.7 11.9 8.3 11.5 8.0 9.7 9.2 11.6 9.9 11.9 

Knee Abduction/Adduction 4.0 6.8 3.6 5.7 3.7 6.1 4.4 6.4 3.6 5.7 

Knee Internal/External 1.5 0.9 2.6 1.8   1.6 1.1 1.5 1.1 

Ankle Dorsi/Plantarflexion 14.0 9.2 14.7 9.6 14.3 11.5 13.9 9.7 16.0 11.0 

Ankle Eversion/Inversion 3.8 4.3   2.4 5.9 3.9 4.2 3.0 2.9 

Ankle Abduction/Adduction  4.1 3.2     1.4 1.6 5.3 4.0 

 

Table 1: Intra-protocol variability along the four trials across each joint rotation 

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 subject -AF- being reported in Figures 3 and 4. 

Good consistency was observed for all joint flexion/extensions, acceptable consistency 

was found for pelvic rotations, for hip out-of-sagittal plane rotations and for all joint 

moments. Poor consistency was found for trunk rotations and out-of-sagittal plane 

rotations in knee and ankle joints. In particular, though limited to the swing phase, 

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 (line styles as 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 reveal abnormal 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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Correspondingly, inter-protocol variability was obtained (Table 2), confining 

MAV 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 of the 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 within 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 15.4 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 25.5 26.8 44.3 48.0 

Ankle Eversion/Inversion 18.5 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 10.5 11.5 

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: Inter-protocol 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 sample averaged 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, CAST and LAMB contained mean error within 2.5° (Table 3).  
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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 restrained, 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 for subject 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 between protocols 

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 out-of-sagittal planes than for flexion/extensions. The correlation 

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 

averaged over 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  



2 Comparison of f ive current protocols in gait analys is  45 

Protocols 

T3Dg T3Dg T3Dg T3Dg PiG PiG PiG SAFLo SAFLo CAST 

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 Fl/Ext 0.997
***

 0.998
***

 0.999
***

 0.999
***  

0.994
***

 0.995
***

 0.998
***  

0.997
***

 0.997
***  

0.998
***  

Hip Ab/Add 0.998
***

 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 Fl/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***  0.792
***  

0.741
***

 0.076 -0.046***  

Knee Int/Ext -0.164 0.847
***

 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 0.971
***

 0.770
***  

   0.090 0.338
**  

0.741
***  

Ankle Ab/Add  0.817
***

 0.926
***

 0.679
***  

   0.797
***

 0.736
***  

0.717
***  

Moments N*m  

Hip Fl/Ext 0.967
***

 0.866
***

 1.000
***

 0.870
***  

0.921
***

 0.969
***

 0.897
***  

0.868
***

 0.960
***  

0.873
***  

Hip Ab/Add 0.968
***

 0.978
***

 1.000
***

 0.946
***  

0.955
***

 0.967
***

 0.941
***  

0.976
***

 0.975
***  

0.942
***  

Hip Int/Ext 0.975
***

  0.977
***

 0.979
***  

 0.944
***

 0.978
***  

  0.951
***  

Knee Fl/Ext 0.970
***

 0.930
***

 0.991
***

 0.932
***  

0.952
***

 0.979
***

 0.904
***  

0.968
***

 0.952
***  

0.950
***  

Knee Ab/Add 0.968
***

 0.974
***

 0.932
***

 0.929
***  

0.932
***

 0.842
***

 0.860
***  

0.922
***

 0.952
***  

0.950
***  

Knee Int/Ext 0.969
***

  0.966
***

 0.978
***  

 0.958
***

 0.955
***  

  0.977
***  

Ankle Dor/Plan 0.994
***

 0.998
***

 1.000
***

 0.995
***  

0.996
***

 0.992
***

 0.988
***  

0.998
***

 0.993
***  

0.996
***  

Ankle Ev/Inv  0.712
***

 0.992
***

 0.977
***  

   0.753
***

 0.729
***  

0.987
***  

Ankle Ab/Add   0.942
***

 0.985
***  

     0.958
***  

 LEFT side 

Hip Fl/Ext 0.998
***

 0.997
***

 0.999
***

 0.999
***  

0.999
***

 0.995
***

 0.996
***  

0.993
***

 0.994
***  

0.999
***  

Hip Ab/Add 0.999
***

 0.924
***

 0.996
***

 0.989
***  

0.929
***

 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 Fl/Ext 0.998
***

 0.993
***

 0.999
***

 1.000
***  

0.994
***

 0.997
***

 0.999
***  

0.992
***

 0.993
***  

0.999
***  

Knee Ab/Add 0.952
***

 0.027 -0.029 0.887
***  

-0.159
*
 -0.303

**
 0.740

***  
0.553

***
 0.147 0.317

**  

Knee Int/Ext -0.020 0.811
***

 0.855
***

 0.870
***  

0.137 0.337
*
 0.357

* 
0.843

***
 0.803

***  
0.887

***  

Ankle Dor/Plan 0.975
***

 0.961
***

 0.996
***

 0.984
***  

0.981
***

 0.970
***

 0.980
***  

0.961
***

 0.957
***  

0.980
***  

Ankle Ev/Inv  -0.051 0.979
***

 0.850
***  

   -0.066 0.339
* 

0.856
***  

Ankle Ab/Add  0.422
***

 0.702
***

 0.665
***  

   0.880
***

 0.878
***  

0.909
***  

Moments N*m  

Hip Fl/Ext 0.939
***

 0.750
***

 1.000
***

 0.765
***  

0.868
***

 0.935
***

 0.833
***  

0.747
***

 0.702
***

 0.763
***  

Hip Ab/Add 0.979
***

 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 Fl/Ext 0.976
***

 0.798
***

 0.969
***

 0.850
***  

0.864
***

 0.940
***

 0.882
***  

0.789
***

 0.968
***

 0.826
***  

Knee Ab/Add 0.945
***

 0.968
***

 0.983
***

 0.933
***  

0.968
***

 0.972
***

 0.919
***  

0.980
***

 0.986
***

 0.939
***  

Knee Int/Ext 0.961
***

  0.963
***

 0.987
***  

 0.916
***

 0.968
***  

  0.939
***  

Ankle Dor/Plan 0.997
***

 0.995
***

 1.000
***

 0.998
***  

0.997
***

 0.995
***

 0.993
***  

0.995
***

 0.996
***

 0.998
***  

Ankle Ev/Inv  0.738
***

 0.996
***

 0.985
***  

   0.740
***

 0.678
***

 0.990
***  

Ankle Ab/Add   0.860
***

 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 marker-set, was ensured by direct participation of relevant experts, 

involved both in 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, anthropometric 

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 trials, however 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 inter-protocol variability is clearly larger than intra-protocol 

variability, except for pelvis rotation.  

Overall the gait variables are comparable among protocols (Figure 3), despite the 

large differences between models and marker-sets. Joint kinematics showed larger 

inter-protocol differences than joint kinetics. Flexion/extension had good waveform 

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 largest variability 

was observed at knee abduction/adduction where even opposite trends were observed. 

The extent to which this is due to the different models, marker-set or to relevant skin 

artefact is not known. Because similar patterns were observed over the six knees, 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 markers. The larger consistency at joint 

moments is noteworthy because not expected when considering the relevant 

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 PiG, based on the original Newington model, and SAFLo are among the 

pioneering protocols for gait 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 variables. 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 results support 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. T3Dg 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 marker-set, but all this 

did not result in considerable final 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 conventions than to the design of the relevant marker-sets. 

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, though limited 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 cross-talk from flexion/extension, relatively large 

in that phase, to abduction/adduction. 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 careful alignment 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 expected to reduce this cross-talk.  

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 justifications for these. The task is 

however not easy because the time-history 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 five protocols on the same 

gait cycles revealed first of all good intra-protocol 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, good consistency was found for 

all joint flexion/extensions and pelvic rotations. Acceptable consistency was found for 

hip out-of-sagittal plane rotations and nearly all joint moments, whereas it was poor in 

knee and ankle out-of-sagittal plane rotations. For the latter 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 inter-laboratory comparisons [5,17,29,30] for 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 marker-sets, and that 

therefore sharing the former can be sufficient for worldwide clinical gait 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 thorax-pelvis and lower-limb 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 subjectsô thorax, pelvis, thighs, shanks and feet, following simple rules; 2) 

computing the orientation of the mean flexion-extension axis of the knees; 3) 

measuring the SUsô orientation while the subjectôs body is oriented in a predefined 

posture, either upright or supine. If the supine posture is chosen, e.g. when spasticity 

does not allow to 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 the inter-rater measurement 

reliability of these angles, a study was carried out involving 9 healthy children (7.9±2 

year-old) and 2 physical therapists as raters. Results showed a RMS error of 1.4° and 

1.8° and a negligible worst-case standard error of measurement of 2.0° and 2.5° for 

hip and knee angles, 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 drop-rise 

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: posterior-anterior tilting 

RMS: root mean square 

SEMse: standard error of measurement considering systematic errors 

SEMnse: 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 study of h and k 

 

 

1. Introduction  

Instrumental gait analysis has become a valuable tool in clinical practice [1] 

establishing its usefulness particularly for children with Cerebral Palsy (CP) [7], but 

also for amputees [15, 24]. Nevertheless, its use is still limited to very few medical 

centres, and its ability to monitor a patientôs spontaneous and typical walking capacity, 

opposed to best performance, has still to be fully explored. In our opinion, the reasons 

for the present situation can be predominantly traced back to limitations in the 

measurement systems. In particular, optoelectronic systems are costly, hardly portable, 

and have a restricted field of view [3]. These features limit their use to dedicated 

laboratories and restrict the acquisition of a subjectôs gait to 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 subject, who will over-perform with respect to his/her every-day-life 

ability [13]. 

The recent availability of Inertial & Magnetic Measurement Systems (IMMSs) 

might open new perspectives for the measurement of the gait kinematics. IMMSs are 

commercially available, cost effective, and portable motion analysis systems. Thanks 

to these features, IMMSs might allow the user to execute and acquire the movement in 

laboratory-free settings, in a continuous modality, for long periods; therefore they 

might allow the user to collect a great number of consecutive gait cycles during 

spontaneous walking in daily life environments [16].  

An IMMS consists of Sensing Units (SUs), which are lightweight boxes. Each SU 

integrates one 3D accelerometer, gyroscope, and magnetometer. The data supplied by 

these sensors are combined [21, 22] in order to measure the 3D orientation (but not the 

position) of the SUôs Coordinate System (CS) with respect to a global, earth-based CS. 
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Given this 3D orientation, an IMMS has the potential to estimate joint kinematics 

when: 1) a SU is attached to each body-segment of interest; 2) at least one anatomical 

CS is defined for each body-segment; and 3) the orientation of the anatomical CS is 

expressed in the CS of the SU. Joints kinematics can then be obtained from the 

relative orientation of contiguous anatomical CSs. The critical part of this process is 

the definition of the anatomical CSs. In fact, the lack of information regarding the 

position of the sensors implies that the anatomical CSs cannot be defined through the 

calibration of single anatomical landmarks (as recommended by the ISB [32]). 

Therefore different techniques must be conceived.  

Only a few studies investigated the use of IMMSs for gait kinematics measurement 

[18, 19]. OôDonovan and co-workers [18] defined a protocol for 3D inter-segment 

joint-angle measurement. However they specified their techniques just with respect to 

the ankle joint. In addition, the calibration steps require a rotation about the 

longitudinal axis of the whole body and a knee extension with minimal movement 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 co-workers [19] defined a protocol to estimate lower-limb joint 

kinematics. The definition of the anatomical CSs was partially based on the external 

anatomical landmarks described in [6]. However, this protocol requires for each body 

segment to establish the orientation of a minimum of two non-parallel lines using 

multiple calibration tasks, involving multiple specialized devices 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 develop a new protocol, named óOutwalkô, satisfying the 

following constraints: 1) suitable for IMMSs; 2) able to measure the kinematics of the 

TP (pelvis relative to the thorax), hip, knee and ankle joints; oriented to children with 

CP and to lower-limb amputees, and therefore based on 3) fast sensors mounting; 4) 

fast and comfortable calibration procedures; 5) 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 inter-rater reliability of the goniometric measure of hip and knee static 

flexions in children laying supine on a mat. High reliability is searched for, as these 

measures are required as input to Outwalk when applied on subjects with irreducible 

knee flexion (e.g. in some forms of CP), laxity or deformities. Our hypothesis was that 

static hip and knee 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 the CAST protocol, assumed as clinical reference. Confirmation of this 

hypothesis would support the commencement of the clinical trial of Outwalk in CP 

children.  
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2. Methods  

2.1 Development of óOutwalkô 

In developing Outwalk, the approach described in [8] for the upper-limb 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 particular, CP children can be both hemiplegic belonging to 

forms I- III of Winters et al. [30] and diplegic belonging to forms II - 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 respect to a 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 Technologies, NL), is an IMMS which satisfies these 

requirements (Fig. 1). As this was used in [12] for the validation of Outwalk, herein 

we will only explicitly refer to this IMMS. The Xsens consists of up to 10 SUs (called 

MTx) connected by-wire to a data-logger (Xbus Master), usually worn on the belt. The 

data-logger is connected via Bluetooth to a laptop which processes and stores the data 

collected. Each SU is hosted in a small box, weights 38g, and is 39x54x28mm. The 

local CS of the SU is aligned with the boundaries of the box with an error < 3° (Xsens 

Technical Manual). The orientation of each SUôs CS with respect to an earth-based 

global CS is provided as an output. 

 

Fig 1: Xsens system. (a) Data-logger (Xbus Master) with two SUs 
connected; (b) an SU with its local CS, in the global (earth-based) CS.  
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2.1.3 DEFINITION OF THE REFERENCE KINEMATIC MODEL 

The definition of the kinematic model of Outwalk was achieved by following the 

indications provided in [17]. 

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 ólooseô double hinge-joint, with one rotation (flexionïextension) occurring about a 

mediolateral axis fixed in the distal femur and the other rotation (internal-external) 

occurring about a longitudinal axis fixed in the tibia [23]. The double-hinge is defined 

ñlooseò (using a term common for elbow endoprostheses), since it actually allows 

some ab-adduction. However, when the flexion-extension and internal-external 

rotations axes are correctly located, movement of the knee joint within a range of 5ï

90° of flexion can be almost entirely accounted for by simultaneous rotations about 

these two axes [23].  

Following the standard Denavit-Hartenberg convention used in robotics [26], for 

each segment we defined as many CSs as the number of joints the segment forms, that 

is: one for the thorax and foot, and two for pelvis, thigh and shank. In the authorsô 

opinion, this approach mitigates 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 considered as the hip internal-external rotation axis, and Z the knee flexion-

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 rotation of the knee, which should be preferably used instead [25].  

As a general rule for naming, for each segment the CS describing the proximal 

joint is defined as the ñproximal CSò, whereas the CS describing the distal joint is 

defined as the ñdistal CSò. Moreover, considering the right side of the body, in the 

segmentsô CSs the Y axis points cranially, Z laterally and X anteriorly [32]. For the 

left side CSs Y points caudally, Z medially and X posteriorly. 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 side can be directly plotted over those of 

the right side.  

The rotations describing the degrees of freedom of the joints were named: 

posterior-anterior tilting (PAT), right drop-rise (DR), right internal-external rotation 

(IE) for the TP joint; flexion-extension (FE), adduction-abduction (AA) and internal-

external rotation (IE) for the hip; FE, varus-valgus (VV) and IE for the knee; dorsi-

plantar flexion (DP), inversion-eversion (IV) and IE for the ankle. In each of these 

couples, the first rotation is expected to have a positive sign [32].  

 

2.1.4 PROCEDURE TO MEASURE THE TP AND LOWER-LIMB KINEMATICS 

The procedure to measure the TP, hip, knee and ankle kinematics of a subject consists 

of the following 4 steps: 1) positioning the SUs on the subjectô thorax, pelvis, thighs, 
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shanks and feet; 2) computing the orientation of the mean FE axis of the knees in the 

thighs embedded CSs of the SUs; 3) defining anatomical/functional CSs for thorax, 

proximal pelvis, distal pelvis, proximal thighs, distal thighs, proximal shanks, distal 

shanks and feet, and expressing their orientation in the SU CS of the corresponding 

segment; 4) computing the joint-angles. These steps are described for the right leg 

only.  

 

2.1.4.1 Positioning the SUs 

One SU is positioned on each body-segment with double-sided tape, either over the 

skin or over elastic cuffs wrapped around the segments (Fig. 2). For the thorax, the SU 

is positioned over the flat portion of the sternum, with the Z axis of the SU pointing 

away from the body and X cranially. For the pelvis, the midline of the SU is aligned 

with the spine, and its X axis is oriented along the line linking the posterior superior 

iliac spines (PSIS), pointing toward the right PSIS. For the thigh, the SU is positioned 

laterally, within its median third. For the shank, the SU is positioned within the distal 

third, close to the lateral malleolus, with the X axis aligned with the long axis of the 

fibula. The Z axis of the SU points laterally in the bodyôs frontal plane. For the foot, 

the base of the SU is positioned and oriented over the shoe in order to maximize its 

stability. In particular, it is recommended to place it over the midfoot, and ascertain 

that the orientation of the sensor is not affected by forefoot-midfoot relative motion 

during the third rocker.  

 

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

2.1.4.2 Functional movements to compute the knee mean flexion-extension axis 

To define the anatomical CS for the distal thigh and to express its orientation in the 

SU CS of the segment, the direction of knee FE axis must be estimated first. The 

orientation of the SUs over thigh and shank is measured during a pure knee FE task. If 

the patient can perform the task autonomously, he is instructed to stand in the upright 

posture and, helped by an examiner in keeping the posture, to flex-extend the knee 
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five times up to 70°. If the patient cannot stand in upright posture or autonomously 

execute the task, the task can be performed passively, with the subject laying in supine 

position, while a therapist executes the knee FE movement 5 times up to 70° of 

flexion. The direction of the knee FE axis is estimated using the functional method 

described in [31] and it is expressed in the CS of the SU of the thigh (VFLEX). 

 

2.1.4.3 Static acquisition to complete the definition of the anatomical CSs 

The anatomical CS of the proximal pelvis is assumed to be coincident with the SU CS. 

To define the anatomical CSs for thorax, distal pelvis, proximal and distal thigh, 

proximal and distal shank, and foot and to express the orientation of these anatomical 

CSs in the SU CS of the corresponding segment, the orientation of the SUsô CSs is 

measured during a 5 seconds static trial. During this static trial the subject is asked to 

stand still in one of the following two postures:  

upright with the back straight, looking forward, knee centre aligned to the ASIS, 

and the line from the 2
nd

 metatarsal head to the calcaneus of the right foot parallel to 

the same line of the left foot (Fig. 3);  

in supine position on a mat, with the hip flexed h degrees and the knee flexed k 

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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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 ɔ and ŭ; h, ɔ and ŭ are then input in the definition of the 

anatomical CSs (Table 2). If the subject wears AFOs, the zero-condition 
for the ankle joint-angles is the one assumed by 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). Angles h 

and k will depend on the specific patient, and they will be 0° if the leg can be fully 

extended. To sustain the subjectôs legs, a typical therapeutic foam cylinder (or wedge) 

is recommended (Fig. 4). A second foam cylinder or wedge can be used to maintain 

the expected foot calibration posture. If the subject uses an ankle-foot orthosis (AFO), 

the foot calibration posture is that imposed by the AFO. 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 allowing a gap below the SU.  

The definitions of the anatomical CSs reported in Table 1 and Table 2 are then 

applied for the upright and supine posture, respectively. CSs were developed 

following the example of [8]; they have a constant orientation with respect to the SUôs 

CS of the corresponding segment.  

Definitions in Table 2 are based on those of Table 1, but take into account that: 

1) hip and knee can be flexed h° and k°, and therefore the cranio-caudal 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 becomes almost parallel to the gravity line, and therefore the 

computation of a thorax medio-lateral direction from Z and gravity can be 

badly conditioned. 

TABLE 1  

Segment  Axes Definition  Anat. direction.  

 
Thorax (TH) 
 

YTH =  SU-THZG / ||.|| cranial 

 ZTH = [0 0 1] Ø YTH  / ||.|| lateral 

XTH = YTH Ø ZTH / ||.|| anterior 

Pelvis ï Proximal (pPL) 

XpPL = -[0 0 1]  anterior 

 YpPL = [0 1 0]  cranial 

ZpPL = [1 0 0]  lateral 

Pelvis - Distal (dPL) SU-PLRdPL = SU-PLRTH   

Thigh - Proximal (pTG) SU-TGRpTG =  SU-PLRdPL  
  

Thigh - Distal (dTG) 

Y =  YpSK;   

 
ZdTG = VFLEX / ||.|| lateral 

XdTG = Y Ø  ZdTG  / ||.|| anterior 

YdTG = ZdTG Ø XdTG / ||.|| cranial 

Shank - Proximal (pSK) 

Y =  YTH;  

 

ZpSK = [0 0 1]  lateral 

XpSK =  Y Ø ZpSK
   / ||.|| anterior 

YpSK = ZpSK Ø XpSK / ||
.|| cranial 

Shank - Distal (dSK) SU-SKRdSK = SU-SKRpSK 
 

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 orientation during the calibration posture. For each segment, 

all vectors are expressed in the CS of the SU positioned on the segment.  
Abbreviations. Ø: cross product; R: 3x3 rotation matrix; 

A
RB indicates the relative 

orientation of the B CS with respect to the A CS; ||
.
||: indicates that the vector 

must be normalized; ZG: Z axis of the global CS, assumed opposed to 
gravity; VFLEX: direction of the flexion-extension axis of the knee; SU-TH: 

SU on thorax; SU-PL: SU on pelvis; SU-TG: SU on thigh; SU-SK: SU on 
shank; SU-FT: SU on foot.  
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TABLE 2  

Segment  Axes Definition  Anat. direction.  

Thorax (TH) 
 

XTH = SU-THZG / ||.||  
anterior 

 ZTH = XTH Ø [1 0 0] / / ||.|| lateral 

YTH = ZTH Ø XTH / / ||.|| cranial 

Pelvis ï Proximal (pPL) 

XpPL = -[0 0 1]  anterior 

 YpPL = [0 1 0]  cranial 

ZpPL = [1 0 0]  lateral 

Pelvis - Distal (dPL) SU-PLRdPL = SU-PLRTH   

Thigh - Proximal (pTG) SU-TGRpTG =  SU-TGRTH·RZ(+h°)   

Thigh - Distal (dTG) 

Y = 2nd column of  SU-

SKRpSK·RZ(+ŭ°); 
 

 ZdTG = VFLEX / ||.||   lateral 

XdTG = Y Ø  ZdTG  / ||.|| anterior 

YdTG = ZdTG Ø XdTG / ||.|| cranial 

Shank - Proximal (pSK) 

Y = 2nd column of  SU-SKRTH·RZ(-
ɔ°); 

 

 

ZpSK = [0 0 1]  lateral 

XpSK =  Y Ø ZpSK
   / ||.|| anterior 

YpSK = ZpSK Ø XpSK / ||
.|| cranial 

Shank - Distal (dSK) SU-SKRdSK = SU-SKRpSK 
 

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 the same 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 through static goniometry; ŭ = 180-k and ɔ = 180-h-k (see 
Fig. 4). 

Abbreviations. Ø: cross product; R: 3x3 rotation matrix; ARB indicates the 
relative orientation of the B CS with respect to the A CS; RZ(+h°), 

RZ(+ŭÁ), RZ(-ɔÁ): indicate a constant rotation matrix around a Z axis of 
+hÁ, +ŭÁ and ïɔÁ; ||.||: indicates that the vector must be normalized; ZG: 

Z axis of the global CS, assumed opposed to gravity; VFLEX: direction 
of the flexion-extension axis of the knee; SU-TH: SU on thorax; SU-PL: 

SU on pelvis; SU-TG: SU on thigh; SU-SK: SU on shank; SU-FT: SU 
on foot.   
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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 rotation [4].  

 

2.1.4.4 Computation and interpretation of the joint-angles 

During data acquisition for a walking task, the orientation of the anatomical CSs is 

updated sample-by-sample based on the orientation of the SUsô CS. The TP, hip, knee, 

and ankle joint-angles are then obtained, sample-by-sample, by decomposing the 

relative orientation of the anatomical CSs forming the joint with the Euler sequence 

ZXôYôô [32]. Finally, the sign of the Zô rotation for the knee is reversed in order to 

have a positive flexion, as declared in section 2.1.3 and as expected in clinics [2].  

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° (since ZdTG lies in the plane normal to 

XdTG such as YdTG, YpSK), as it is also the case for all hip and ankle angles.   

It has been widely demonstrated that the knee rotations other than the FE are 

strongly affected by the soft-tissue artefact problem when measured through skin-

mounted markers, and are therefore unreliable [20, 25, 27]. For this reason, in our 

future clinical applications 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 measuring h and k through a goniometer is required for the 

applicability of Outwalk when the supine calibration posture is used. Failure in this 

requirement would cast doubts about the offset measured for hip and knee flexion-

extension patterns 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, a pre-clinical-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 year-old, 27.5±7 Kg, 129±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 of CP children. Before beginning the study, T1 and T2 practiced together 

in the measurement of h and k on two additional children who were not included in the 

study.  

 

2.2.2 EXPERIMENTAL SET-UP 

For the measurement of h and k, 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 measured h and 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 measured h 

and k on the remaining side, as in the first measurement. The first side to be assessed 

was randomly selected, as well as the order of assessment by T1 and T2.  

To measure h, 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 measure k, 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. 

 

2.2.3 HYPOTHESIS AND DATA ANALYSIS 

To conclude that h and k have an inter-rater reliability adequate to begin the clinical 

trial of Outwalk, we tested the following hypothesis:  

¶ H1: h and k reliability must be not lower than that reported in [11] for h and 

k measured with an optoelectronic system through the CAST protocol.  

To test this hypothesis, we considered the h and k angles measured for each leg as 

a set of independent observations, and we computed the following root mean squared 

errors (RMS), consistently with [11]: 
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Based on the results reported in [11], H1 is true if: 

¯¢5RMSh
; 

¯¢ 73.kRMS  

Following current recommendations about statistical parameters describing 

reliability [10], we also computed for h and k the Standard Error of Measurement (or 

ótypical errorô), considering (SEMse) and not considering (SEMnse) the systematic error 

introduced by T1 and T2. Following [29], SEMse and SEMnse were obtained through a 

single-factor (i.e. raters) repeated measures ANOVA in the 1-way and 2-way 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. 

RMSh and RMSk  were found to be 1.4° and 1.8°, i.e. less than those reported in [11]. It 

was concluded that H1 was fully satisfied. For h, both SEMse and SEMnse were 2.0°, 

while for k they were 2.4° and 2.5°, respectively. 

TABLE 3  

LEG 
h° k° 

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 thorax-pelvis and lower-limb 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 

considering 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, Outwalk was not based on 

the calibration of single anatomical landmarks for the 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 contrast to [19]. Moreover, 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. Amputees can in fact easily maintain the 

predefined upright posture, while this cannot be assumed for children with CP, who 

may present a flexed knee and [28] hip-knee-ankle flexion (scissor pattern [5]). 

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 

posture 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 lower-limb joints. In particular, the definition of the distal knee CS presents an 

advantage with respect to the CS recommended by the ISB [32]. The advantage is that 

in Outwalk, the medio-lateral axis (Z) of the 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 the medio-lateral 

axis of rotation of the knee in the ISB anatomical CS is not directly controlled, and its 

direction can be different from the inter-epicondilar 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 to the a-

priori knowledge that the knee is a perfect 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 counter-balance of Outwalk ease of use, the operation of re-positioning a 

subjectôs body in the calibration posture between acquisitions, can be a potential 

source of intra- and inter-examiner inaccuracy. A very similar problem, however, 

exists also for the protocols based on the identification of anatomical landmarks [6, 9, 

19], and was named ñanatomical landmarks mislocationò. The anatomical landmarks 

mislocation mostly affects the offset of segment axial rotations [11], and even though 

final conclusions require ad-hoc tests (which are underway), this might also be true for 

Outwalk.  

As element supporting Outwalk validity, the inter-rater reliability for h and k was 

found to be very high, with values for RMSh and RMSk  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 SEMse and SEMnse 

also indicate that the ótypical errorô in the offset of hip and knee flexion angles during 

gait is almost negligible, and thus it is not expected to substantially depend on the rater 

leading the measurements. This conclusion is further supported by the close values of 

SEMse and SEMnse (no difference for h, 0.1° for k), which show that the systematic 

error introduced by T1 and T2 is very limited. The measurement set-up, i.e. static 

measures with subjects lying on a mat, with the legs sustained by a foam cylinder, 

with hips and knees flexed, appears to have positively influenced the reliability of h 

and k. 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 measuring h, which in fact resulted as the 

most reliable angle. 

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 device, and not only with IMMS. It should 

be noticed in fact that all available optoelectronic systems satisfy the hardware 

requirements described in section 2.1.2, if we 1) consider the SU as a cluster of at least 

three not aligned markers, and 2) we define a local CS for the cluster with a visible 

reference to its markersô position. The synchronous application of Outwalk and a 

reference clinical protocol (e.g. CAST [2]) 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 populations, 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 named óOutwalkô was recently proposed to measure the thorax-pelvis and 

lower-limb kinematics during gait in free-living conditions, by means of an Inertial 

and Magnetic Measurement System (IMMS). The aim of this work was to validate 

Outwalk on 4 healthy subjects when it is used in combination with a specific IMMS 

(Xsens Technologies, NL), against a reference protocol (CAST) and measurement 

system (optoelectronic system; Vicon, 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 between protocols (Outwalk vs CAST), 2) the accuracy of the hardware 

(Xsens vs Vicon), and 3) the summation of protocolsô differences and hardware 

accuracy (Outwalk+Xsens vs CAST+Vicon). To assess joint-angles similarity, the 

Coefficient of Multiple Correlation (CMC) was used. For test 3, the CMC showed that 

Outwalk+Xsens and CAST+Vicon kinematics can be interchanged, offset included, 

for hip, knee and ankle flexion-extension and hip ab-adduction (CMC>0.88). The 

other joint-angles can be interchanged offset excluded (CMC>0.85). Test 1 and 2 also 

showed that differences in offset between joint-angles were predominantly induced by 

differences in the protocols; differences in correlation by both hardware and protocols; 

differences in range of motion by the Xsens accuracy. Results 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 Magnetic Measurement Systems (IMMSs) might open new perspective in 

clinical gait analysis. They are commercially available, cost effective, portable motion 

analysis systems, and consist of lightweight boxes, called Sensing Units (SUs) which 

typically comprise a 3D accelerometer, gyroscope and magnetometer. Through sensor-

fusion algorithms, the 3D real-time 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 equivalent 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 that gravity and the magnetic north are ubiquitous and therefore the 

reference frame of an IMMS system also exists outside the laboratory. This means that 

every time the magnetic field is not distorted [6], a SU can measure the orientation of 

the body to which it is attached whenever and wherever it is required, without the need 

of any camera or specially equipped laboratory. Thanks to these features, IMMSs 

might allow to execute and acquire the movement in laboratory-free settings, in a 

continuous modality, for long periods; therefore they might allow to collect a great 

number of consecutive gait cycles during spontaneous walking in daily life 

environments [12].  

In [4] a protocol, named óOutwalkô, was proposed to measure the kinematics of the 

pelvis relative to the thorax (TP joint), and of the lower-limbs with an IMMS. Outwalk 

was designed to be suitable for children with Cerebral Palsy (CP; hemiplegic 

belonging to the I-III forms of the Winters et al. classification [22] and diplegic 

belonging to the II-IV of the Ferrari et al. classification [7]) 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 the protocols for clinical gait analysis 

[8, 23]. On the contrary, Outwalk defines the anatomical CSs for each segment based 

on three steps (calibration procedure): 1) positioning the SUs on the subjectsô thorax, 

pelvis, thighs, shanks and feet following simple rules; 2) computing the orientation of 

the mean flexion-extension (FE) axis of the knees in the local CS of the SU on the 

thighs; 3) measuring the SUs orientation while the subjectôs body is oriented (actively 

or passively) in a predefined posture (either upright or supine). These steps make the 

protocol extremely simple and comfortable for the subject, which are pre-requirements 

for Outwalk application in the clinical routine. 

The aim of this work was to preliminary validate Outwalk on able-bodied subjects, 

using the calibration 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 Outline of the validation procedure 

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

Since a non-invasive gold-standard for the lower-limb kinematics is missing [20], 

we compared the new protocol (Outwalk) based on the new system (IMMS) with 

respect to a reference protocol (CAST - [1, 2]) and system (optoelectronic). CAST is a 

clinical gait analysis protocol featured by anatomical CSs consistent with the ISB 

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 clusters 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 the soft-tissue artefact.  

In particular, to isolate the differences generated by the protocols from those by the 

systems, we separately evaluated (Fig. 1):  

¶ Test 1) the effect on joint kinematics of the different anatomical/functional CSs 

defined in Outwalk and CAST; this was done by processing the two protocols 

starting from the same raw data collected by just one system (the optoelectronic);  

¶ Test 2) the accuracy of the IMMS, by comparing its measurements of joint 

kinematics with those of the optoelectronic system, when both sources of data 

are processed using the same protocol (CAST); 

¶ 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 gait analysis, namely Total3DGait 

(Total3Dg) [13], Plug-in 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, will not affect 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 Tests 1 and 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 Tests 1, 2 and 3 were acquired at the same time, on the 

same subjects.  
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Fig 1: Schematic representation of the three-steps approach used for 
Outwalk validation in-vivo. 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 

system (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 description 

Four asymptomatic subjects (AF: 26 years, Body Mass Index (BMI) 21; PG 28 years, 

BMI 26; MR 29 years, BMI 21; AC 31 years, BMI 23) participated in the experiment 

after giving their informed consent. For subjects AF, PG, AC we acquired both legs. 

For MR we acquired the right leg only. On the whole, therefore, the kinematics of 4 

TPs, and 7 limbs (i.e. 7 hips, 7 knees and 7 ankles) was acquired and processed. 

2.3 IMMS and optoelectronic systems set-up 

The Xsens system (Xsens Technologies, NL) was used as IMMS. It consists of up to 

10 SUs (called MTx) connected by-wire to a data-logger, usually worn on the belt. 

The local CS of the SU is aligned with the boundaries of the SUôs box with an error < 

3° (Xsens Technical Manual). A Vicon MX 1.3 (Oxford Metrics 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 double-layer cardboard (11g), 12x12 cm. A SU was attached 

underneath each cluster. Through an hand-eye calibration [3, 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 thus became ñvirtual SUsò measured by the 

optoelectronic system.   

For all Tests, Xsens and Vicon were run simultaneously. Their sampling frequency 

was set to 100Hz. To allow the synchronous acquisition of data by the systems, the 

Xsens internal clock was output from 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 time-line and were used to 

frame the Vicon data accordingly.  
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Before proceeding with the in-vivo tests, we checked the stability of the 

electromagnetic field of the laboratory [6]. The local magnetic field was found to 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 in [4], over thorax, pelvis, thighs, shanks and feet (Fig. 2).  

 

Fig 2: Eight Xsens SUs and clusters positioned over the body of a 

subject. The white box is the Xsens data-logger (called Xbus 

Master).  

For CAST, the anatomical landmarks of thorax, pelvis, thigh, shank and foot 

described in [2], were calibrated relative to the clusters of the different segments using 

a calibration stick [2], while the subject stood in the upright posture; the orientation of 

the CAST anatomical CSs was then related to the clustersô CSs. In addition, for each 

segment the orientation of the CAST anatomical CS was also related to the SUô CS, as 

in static conditions the relative orientation between clustersô and SUsô CSs is null (see 

Sect. 2.3 about the hand-eye 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, the calibration procedure described in [4] was followed. In 

particular, during the estimation of the knee FE axis, subjects actively flexed and 

extended the knee; during the static acquisitions subjects stood 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 hand-eye calibration the clustersô local 

CSs were defined to overlap those of the SUs, and therefore the clusters could be 

treated as ñvirtual SUsò measurable by the Vicon system. Outwalk 

anatomical/functional CSs could therefore be computed relative to the clustersô 

orientation staring from the markersô trajectories. As for CAST anatomical CSs, the 

orientation of Outwalk functional/anatomical CSs were thus available both in the 

Vicon and in the Xsens system. 

Once completed the calibration phases, subjects were asked to walk along a 10m 

walkway at a self-selected comfortable walking speed. For each subject 14 gait cycles 

for each limb were acquired. For the TP joint, the 14 right limb gait cycles were 

considered for subsequent analyses. After each acquisition, the gait events were 

manually identified in the Vicon data [1], and then used to define the corresponding 

gait cycles in the Xsens data.  

 

 2.5 Data processing for Test 1 ï Outwalk+VICON vs CAST+VICON 

The aim of Test 1 was to verify the effect on joint kinematics of the different 

anatomical/functional CSs defined in Outwalk and CAST, excluding the differences 

due to the measurement accuracy of Xsens with respect to Vicon. 

For this purpose, in Test 1 we only considered the orientation during gait of the 

anatomical/functional CSs obtained applying Outwalk and CAST with the Vicon 

system only, with both protocols sharing the same marker-set. 

From the anatomical/functional CSs of Outwalk and CAST measured in Vicon, the 

kinematics of the TP, hip, knee and ankle joints could therefore be independently 

computed for each protocol. In particular, the following joint-angles were computed: 

posterior-anterior tilting (PAT), right drop-rise (DR), right internal-external rotation 

(IE) for the TP joint; flexion-extension (FE), adduction-abduction (AA) and internal-

external rotation (IE) for the hip; FE for the knee; dorsi-plantar flexion (DP), 

inversion-eversion (IV) and IE for the ankle. It has been widely demonstrated that the 

knee rotations other than the FE are strongly affected by the soft-tissue artefact 

problem when measured through skin-mounted markers, and are therefore unreliable 

[19-21]. For this reason, these angles were not analysed.  

Since the protocols synchronously measured the same gait cycles, shared the same 

hardware, and suffered from the same soft-tissue artefact (as they shared the same 

marker-set), the differences in the kinematics could be related to differences in the 

definition of the CSs only.  

 



4 First in vivo assessment of OUTW ALK 76 

2.6 Data processing for Test 2 ï Xsens accuracy 

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 protocol. For this purpose, in Test 2 we only considered the orientation 

during gait of the CAST anatomical CSs, independently measured by Vicon and Xsens 

as described in section 2.4. The same joint-angles described in Sect. 2.5 were then 

computed from each system.  

Since Vicon and Xsens synchronously measured the same gait cycles, shared the 

same anatomical CSs definitions, and suffered from the same soft-tissue artefact, 

differences in the kinematics could be related to differences in the accuracy of the 

measurement systems only.  

 

2.7 Data processing for Test 3 ï Outwalk+Xsens vs 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 this 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 same joint-

angles described in 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.  

 

2.8 Data analysis for Test 1 

To verify the similarity of Outwalk and CAST joint-angle waveforms and to which 

extent they can be interchanged, we computed the 5 parameters, and tested the 

condition, described in section 2.8.1.  

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 section 2.8.2, 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 joint-angle, during the same gait cycle, by Outwalk and CAST, respectively. 

It is worth recalling that 14 couples (O(t), C(t)) were acquired for each joint-angle, as 

14 is the number of gait trials measured for each TP and limb. O(t) and C(t) will be 

also referred to as ñcorresponding waveformsò. 
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2.8.1 OUTWALK ï CAST SIMILARITY ASSESSMENT 

Computations were performed firstly within each joint-angle of each TP and limb 

(2.8.1.1), then at sample level, i.e. between the 4 TPs and 7 limbs measured over the 

four subjects (2.8.1.2). The condition to conclude the similarity of Outwalk and CAST 

kinematics for a joint-angle is then reported in Section 2.8.1.3. 

 
2.8.1.1 Computations within each TP and limb joint-angle  

To assess the similarity between O(t) and C(t) in terms of offset, correlation and gain, 

we computed 3 parameters: the offset between O(t) and C(t) (off), their Pearsonôs 

correlation coefficient (r), and difference between their Range of Motion (æROM). In 

particular, off and æROM were defined as: 

¶    off = mean(O(t)) - mean(C(t)); 

¶ æROM = ROM(O(t)) - ROM(C(t)). 

In addition, to assess the overall effect of off, r, and æROM on the similarity of 

Outwalk and CAST waveforms, for each joint-angle we computed the adjusted 

coefficient of multiple correlation (CMC) between its 14 O(t) and its 14 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 within-day 

CMC [11], and removes all other sources of gait-cycle-to-gait-cycle variability. 

Details are provided in Appendix 1.  

Finally, to measure the effect of the offset on the overall similarity, we recomputed 

the CMC after zeroing off for each couple O(t), C(t), following [11].  

The CMCs before and after offset removal were named CMC1 and CMC2 

respectively.  

 

2.8.1.2 Computations between homonymic joint-angles of the TPs and limbs 

For each joint-angle, the values of off, r, æROM, CMC1 and CMC2 over the 4 TPs and 

7 limbs were reported with box-and-whisker 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 joint-angles (normality was tested both 

with the Lilliefors test and normality plots). Based on previous publications [10, 11, 

24], the values of CMC and r, were interpreted as follows: 

¶ 0.65 -  0.75:  moderate  

¶ 0.75 -  0.85: good 

¶ 0.85 -  0.95: very good  

¶ 0.95 -  1 excellent  

2.8.1.3 Condition T1.1 

To conclude that the two kinematics measured by Outwalk and CAST for a joint-angle 

are so similar to be interchangeable, the following condition for CMC1 distribution has 

to be met (Cond. T1.1):  
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¶ for TP DR and lower-limb sagittal plane angles: median ⱦ excellent; 

whiskers ⱦ excellent;  

¶ for TP PAT and lower-limb frontal & transverse plane angles: median ⱦ 
very-good; whiskers ⱦ from very-good to excellent, 

where the symbol óⱦô means ñto be part of the intervalò. When the condition is not 

satisfied by CMC1 but by CMC2, the similarity is verified only if the offset is not a 

concern. Cond. T1.1 imposes a 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 amputees people and CP children, and were 

defined starting from the authorsô clinical experience and based on other protocol 

assessments [10, 11, 14, 24]. To ensure the robustness of the conclusions we imposed 

the respect of the conditions by the CMC values within the whiskers, that is by the 

greatest majority of CMC values (on at least the 95.4% of values, by analogy with 

normal distributions) [16]. 

 

2.8.2 OUTWALK-CAST vs CAST-Total3Dg-PiG-SAFLo-LAMB SIMILARITY 

ASSESSMENT 

 

2.8.2.1 MAV and r for subject AF 

In [8] the lower-limbs kinematics of subject AF was measured at the same time with 5 

protocols, i.e. CAST, Total3Dg, PiG, SAFLo, and LAMB.  

For each joint-angle, the similarity between the kinematics of the 5 protocols was 

measured through the MAV (mean absolute variability), i.e.: 
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where: 

¶ y(t)P is a waveform obtained by appending one after the other the waveforms 

of all the trials performed by AF (4 in [8]), obtained applying the protocol P 

(with P=CAST, Total3Dg, PiG, SAFLo, LAMB) for the specific joint-angle;  

¶ M(t), m(t) indicate the maximum and minimum values of y(t)P among the 5 

protocols, at time frame t;  

¶ T = total number of frames considering all the trials of subject AF. 

As in [8], MAV was then computed here for each joint-angle of each side of AF 

considering the protocols Outwalk and CAST, and the 14 trials performed.  

In addition, in [8] r was also computed between the joint-angle waveforms of 

CAST and Total3Dg, PiG, Saflo, and LAMB for AF, providing an estimate of the 
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correlation between pairs of protocols. r (Sect. 2.8.1.1) was also computed here for 

each joint-angle of each side of AF.  

 

2.8.2.2 Conditions T1.2 and T1.3 

Based on MAV and r, to conclude that Outwalk could be potentially used in clinics as 

it is the case for CAST, Total3Dg, PiG, Saflo, and LAMB, the following 2 conditions 

have to be met for each joint-angle:  

Cond. T1.2) the MAV for Outwalk - CAST must be lower than the values reported 

in [8] for CAST - Total3Dg ï PiG ï Saflo - LAMB;  

Cond. T1.3) the value of r for Outwalk - CAST must be higher than the lowest r 

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: conclusions will need to be 

further confirmed on clinical populations. 

 

2.9 Data analysis for Test 2 

In what follows, X(t) and V(t), indicate waveforms measured synchronously for the 

same joint-angle, during the same gait cycle, by Xsens and Vicon, respectively. As for 

(O(t), C(t)), 14 couples (X(t), V(t)) were acquired for each joint-angle. X(t) and V(t) 

will be referred to as ñcorresponding waveformsò.  

To measure the accuracy of Xsens in measuring the TP and lower-limb kinematics, 

we used the same parameters computed for Test 1. Specifically, the similarity of X(t) 

and V(t) was assessed through the 5 parameters off, r, æROM, CMC1 and CMC2, 

firstly within each joint-angle and then over the 4 TPs and 7 limbs acquired. 

To conclude that for a given joint-angle, the dynamic accuracy of Xsens is suitable 

for clinical applications, the same condition for CMC1 and CMC2 described in Sect. 

2.8.1.3 has to be met. When referred to Test 2, the condition will be named Condition 

T2.1 (Cond. T2.1). 

 

2.10 Data analysis for Test 3 

Similarly to Test 1 and 2, in what follows OX(t) and CV(t) indicate waveforms 

measured synchronously for the same joint-angle, during the same gait cycle, by 

Outwalk+Xsens and by CAST+Vicon, respectively. Fourteen couples (OX(t), CV(t)) 

were acquired for each joint-angle of each TP and limb. OX(t) and CV(t) will be also 

referred to as ñcorresponding waveformsò.  

 

2.10.1 PARAMETERS AND CONDITION FOR ñOUTWALK+XSENSò AND 

òCAST+VICONò SIMILARITY ASSESMENT 

As for Tests 1 and 2, the similarity of OX(t) and CV(t) was assessed through the 5 

parameters off, r, æROM, CMC1 and CMC2, firstly within each joint-angle of each 
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limb and then over the 4 TPs and 7 limbs acquired. To conclude that the two 

kinematics measured by Outwalk+Xsens and CAST+Vicon for a joint-angle are so 

similar to be interchangeable, the same condition for CMC1 and CMC2 described in 

Sect. 2.8.1.3 has to be met. When referred to Outwalk+Xsens and CAST+Vicon, the 

condition will be named Condition T3.1 (Cond. T3.1).  

 

2.10.2 OUTWALK-CAST vs CAST-Total3Dg-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 1 [8]. Specifically, we computed, for subject AF, MAV and r 

between Outwalk and CAST joint-angles waveforms, and we compared the results 

with those reported in [8]. Based on MAV and r, to conclude that Outwalk can be 

potentially used in the clinical practice as CAST, Total3Dg, PiG, Saflo, and LAMB, 

the same conditions described in Sect. 2.8.2.2 for Test 1 has to be met. When 

referred to Test 3, the conditions will be named Condition T3.2 and T3.3. 

 

 3. Results   

 

3.1 Test 1 

Figure 3, reports the Outwalk and CAST kinematics for one subject (AF), over the 

14 gait cycles. Similar results were obtained for the other subjects.  
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Fig 3: 14 gait cycles for subject AF, as measured by Outwalk (bright plots) and 

CAST (dark plots). For each joint-angle, the CMC1 and CMC2 are provided. 

Since the knee varus-valgus and internal-external rotation will not be 

considered in the clinical routine due to their low accuracy [19], they are 

reported over a gray background 
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3.1.1 OUTWALK ï CAST COMPARABILITY ASSESSMENT 

Results for off, r and æROM are reported in Appendix 2, while results for CMC1 and 

CMC2 follow. This was done in the interest of brevity, and since CMC1 and CMC2 are 

expressions of the conjoint effect of off, r and æROM on joint kinematics. 

Figure 4 reports the CMC1 and CMC2 values for each joint-angle. Each box-plot 

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 of CMC1 and CMC2 for the waveforms of subject AF.  

 

Fig 4a,b: TEST 1: Box-and-whiskers plots for CMC1 (a) and CMC2 (b). CMC1 and 
CMC2 measure the within-joint-angle similarity between CAST and Outwalk 

waveforms. Distributions are here reported over 4 TPs and 7 hips, knees and 
ankles. Box-plots are reported only for those joint-angles in which all values 

were real numbers. 

In Figure 4a, CMC1 box-plots are reported only for those joint-angles in which all 

values were real numbers. Since the CMC1 takes into account the overall effect 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 CMC1 

to complex values. Real CMC1 values were obtained for the sagittal plane kinematics 

and the hip AA, with at least very-good 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 

whiskers 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 (Fig. 4b). CMC2 values were greater than 0.9 for 

all joint-angles, that is representative of a very-good to excellent similarity. In 
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particular, sagittal plane joint-angles presented an excellent similarity with values 

always greater than 0.98, and equal to 1 for hip FE, knee FE and ankle DP. For frontal 

plane joint-angles, the similarity ranged between very-good to excellent for all values, 

with medians in the ñexcellentò range. If the analysis is limited to the TP DR and hip 

AA, all values were within the ñexcellentò range, similarly to sagittal plane angles. 

The transverse plane angles presented result slightly worse that the other planes, but 

still with all values within the very-good to excellent range and median values within 

the excellent range.  

Based on CMC1 results, Cond. T1.1 was satisfied only by hip FE, AA, knee FE 

and ankle DP. Based on CMC2, instead, the condition was satisfied by all joint-angles.  

 

3.1.2 OUTWALK-CAST vs CAST-Total3Dg-PiG-SAFLo-LAMB SIMILARITY 

ASSESSMENT 

Table 1 reports the MAV values between Outwalk and CAST. The corresponding 

values for MAV between CAST-Total3Dg-PiG-SAFLo-LAMB are also reported as in 

[8]. All MAV values reported for Outwalk-CAST were smaller than those reported for 

CAST-Total3Dg-PiG-SAFLo-LAMB. Cond. T1.2 was thus completely satisfied.  

TABLE 1  

 MAV [deg] 

RIGHT SIDE  LEFT SIDE 

TEST 1 TEST 3 
Referenc

e values 
TEST 1 TEST 3 

Referenc

e values 

Hip FE 4.2 5.2 20.4 1.1 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 5.5 7.0 21.0 

Knee FE 2.1 3.6 5.8 1.7 1.5 7.7 

Ankle DP 0.6 1.4 25.5 0.6 1.1 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 joint-angles 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 
reference values for CAST - Total3Dg ï PiG ï SAFLo - LAMB, 

used in combination with a Vicon system, reproduced from [8]. 
Italic bold fonts indicate those joint-angles for which Outwalk-CAST 

has smaller values than the reference. Results for the TP joint are not 
reported since it was not considered in [8]. 
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Table 2 finally reports the r values between Outwalk and CAST. It also reports the 

reference values as presented in [8], for the pairwise comparisons CAST vs Total3Dg-

PiG-SAFLo-LAMB.  The correlation between Outwalk and CAST was always the 

best, or the second best. This means that Cond. T1.3 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 1.000 0.997 0.993 1.000 0.997 0.958 0.840 1.000 0.997 0.966 1.000 0.997 0.867 0.979 

Test 3 0.999 0.994 0.973 0.999 0.988 0.939 0.750 0.997 0.998 0.948 0.999 0.990 0.850 0.912 

T3Dg 0.999 0.994 -0.184 0.999 0.988 0.971 0.926 0.999 0.996 0.246 0.999 0.996 0.979 0.702 

PiG 0.995 0.994 -0.182 0.996 0.980   0.995 0.997 0.007 0.997 0.970   

SAFLo 0.997 0.963 0.847 0.995 0.977 0.090 0.797 0.993 0.950 0.720 0.992 0.961 -0.066 0.880 

LAMB  0.998 0.994 0.137 0.999 0.978 0.741 0.717 0.999 0.976 0.641 0.999 0.980 0.856 0.909 

 
Table 2: r values for the right and left side joint-angles 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 3-6 the results for the correlation between 

Total3Dg, PiG, SAFLo, LAMB and CAST, as in [8].  
In row 1, italic bold and bold indicate those joint-angles for which the correlation 

reported in the row is the highest and the second highest relative to the correlations 
reported in rows 3-6. Similarly in row 2, italic bold, bold, and underlined fonts 

indicate those joint-angles for which the correlation in the row is the highest, the 
second, and the third highest with respect to the correlations reported in rows 3-6. 

Results for the TP joint are not reported since it was not considered in [8]. Gray 
cells were used for PiG on ankle IV and IE, since PiG does not compute these two 

joint-angles. 

 

3.2 Test 2 

Figure 5, reports the Xsens and Vicon kinematics over the 14 gait cycles of subject 

AF, the same subject whose results are reported in Fig. 3 of Test 1. 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 Xsens (bright plots) and 

Vicon (dark plots). For each joint-angle, the CMC1 and CMC2 is provided. 
Since the knee varus-valgus and internal-external rotation will not be considered 

in the clinical routine due to their low accuracy [19], they are reported over a 

gray background. 

 
It can be noticed a very good agreement, especially for the joint-angles with greater 

ROM. Occasionally, sudden orientation adjustments were observed in 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 


