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Abstract

Title: Plantar Pressure Gait Analysis in Children with Cerebral Palsy

Abstract: Cerebral Palsy (CP) is the most common childhood neurologic impairment.
Children with CP are often prescribed ankle-foot orthoses (AFO) as an intervention
meant to improve gait, but the evidence that supports its generalized use is scarce. Gait
analysis is considered a gold standard in CP rehabilitation, and plantar pressure analysis
can provide useful information about the way that the foot interacts with the orthoses
and the ground. Plantar pressure insoles are a simple and non-invasive technology, but
still an underused tool in this context. By combining the use of two rehabilitation tools
(AFO and plantar pressure analysis), this PhD thesis aims to contribute to deepen the
knowledge and available evidence on the field. Three separate scientific investigations
were conducted: a scoping review, aiming to systematize the available evidence about
the effects of different types of AFO on the gait of children with spastic bilateral cerebral
palsy, showing that AFO have a positive impact in the gait of children with cerebral palsy;
a test-retest reliability analysis and minimal detectable change of plantar pressure
insoles in a sample of children with CP when walking in regular footwear, that
determined high reliability (ICC > 0.60) for 21 of the 24 parameters that were tested;
and lastly a descriptive study of the plantar pressure distribution characteristics of
children with cerebral palsy, while wearing plantar pressure insoles and walking with
AFO, where there were positive changes in plantar pressure measurements,
approximating them to the reference percentiles of typically developing children. There
is a need to continue to invest in these lines of investigation, namely producing
consistent evidence about the effects of AFO, unwavering prescription guidelines and
producing a normative database for plantar pressure measurements in children with

Cerebral Palsy.

Keywords: “Plantar Pressure “; “Cerebral Palsy”; “Gait”; “Ankle Foot Orthoses”;

“Insoles”
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Resumo

Titulo: Analise de Marcha e Pressdes Plantares em Criangas com Paralisia Cerebral

Resumo: A Paralisia Cerebral é o comprometimento neurolégico mais comum na
infancia. Ortoteses de pé e tornozelo sdo comumente prescritas a criancas com Paralisia
Cerebral, com o objetivo de melhorar o padrdao de marcha, mas a evidéncia que suporta
seu uso generalizado é escassa. A analise da marcha é considerada um gold standard na
reabilitacdo da Paralisia Cerebral, e a analise de pressdes plantares pode fornecer
informacgdes Uteis sobre a maneira como o pé interage com as ortéteses e o solo. Neste
sentido, as palmilhas de pressao plantar sdo uma tecnologia simples e ndo invasiva, mas
ainda uma ferramenta subutilizada neste contexto. Ao combinar o uso de duas
ferramentas de reabilitacdo (ortéteses de tornozelo e pé e palmilhas de pressdo
plantar), esta dissertacdo visa contribuir para aprofundar o conhecimento e a evidéncia
disponivel na area. Foram realizadas trés investigacGes cientificas distintas: uma scoping
review, com o objetivo de sistematizar a literatura sobre os efeitos de diferentes tipos
de ortdteses de tornozelo e pé na marcha de criancas com paralisia cerebral bilateral
espastica, mostrando que as ortéteses de tornozelo e pé tém um impacto positivo na
marcha de criancas com paralisia cerebral; uma andlise de confiabilidade teste-reteste
e diferenca minima detetdvel em palmilhas de pressdo plantar com uma amostra de
criangas com Paralisia Cerebral, utilizando o seu calcado regular, que determinou alta
confiabilidade (ICC > 0,60) para 21 dos 24 parametros testados; e por ultimo um estudo
descritivo das caracteristicas da distribuicdo da pressao plantar de criancas com paralisia
cerebral, usando palmilhas de pressdao plantar e ortéteses tornozelo-pé, onde se
registaram mudangas positivas nos valores de pressdao plantar, aproximando-os dos
percentis de referéncia de criancas de desenvolvimento tipico. E necessério continuar a
investir nestas linhas de investigacdo, nomeadamente produzindo evidéncia consistente
sobre os efeitos das ortéteses de tornozelo e pé, indicagdes de prescricao concretas e
criando uma base de dados normativa para as medi¢cGes de pressao plantar em criancgas

com Paralisia Cerebral.

Palavras-Chave: “Pressao Plantar”; “Paralisia Cerebral”; “Marcha” “Ortétese de

Tornozelo e Pé”; “Palmilhas”
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This dissertation reflects the work developed during the doctoral program in
Biomechanics, focusing mainly on gait analysis of children with Cerebral Palsy (CP) while
wearing ankle-foot orthoses (AFO). While CP is the most common childhood neurologic
impairment, there are still many understudied aspects of this condition, one of which,
the prescription and use of AFO as an intervention meant to improve gait. After
reviewing the available evidence, posing the research questions and hypothesis, we now
present the completed original investigation. Certainly, many questions remained

unanswered and further studies still need to be conducted.

1.1. Dissertation Objectives

This research is based on the following aspects:

CP is a prevalent condition in the Portuguese population, with very different
presentations and needs. This condition has been widely studied and although a huge

body of evidence already exists, a lot of questions remain unanswered.

AFO are commonly recommended and prescribed intervention for this
population, though evidence regarding its use its still lacking. There are a wide selection
of materials and shapes of orthoses in the market, as well as new technologies emerging,

that make prescription increasingly difficult.

Gait analysis is considered a gold standard in CP rehabilitation, and plantar
pressure analysis can provide useful information about the way that the foot interacts
with the orthoses and the ground. Under this aspect, plantar pressure insoles are a

simple and non-invasive technology, but still an underused tool in this context.

The need to develop an evidence based clinical practice calls to pose the

following research questions:

- Is there available evidence to systemically assess the effects of AFO in the
different gait patterns of children with CP?
- Is pedobarography a useful and reliable tool to assess plantar pressure

parameters in children with CP?
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- What are the effects of AFO on the plantar pressure parameters of
different clinical presentations, different gait patterns and different types of orthoses in

children with CP?

1.2. Dissertation Overview

The present dissertation aims to display the investigation and research
conducted during the PhD process. It includes three studies (either published or
submitted for publication in a reference journal), in which we intend to answer the

different research questions.

In Chapter |, a general introduction is presented, that includes the main research

topics, as well as the rationale behind each study.

In Chapter II, the candidate presents a literature overview that summarizes the
state of evidence for the main topics addressed in the subsequent chapters that include
but are not limited to CP physiopathology and epidemiology, pathological gait and

laboratory gait analysis (including pedobarography) and the use of AFO.

In Chapter lll, the methodology of the different investigations is discussed,
aiming to justify, based on the best available evidence, the options that were made for

each study.

As for Chapter IV, entitled “Effects of ankle foot orthoses on the gait patterns in
children with spastic bilateral Cerebral Palsy: a scoping review”, it comprises a scoping
review aiming to systematize the available evidence about the effects of different types
of AFO on the gait of children with spastic bilateral CP. The publication can be found in

Appendix I.

In Chapter V we find the study “Gait Analysis in Children with Cerebral Palsy: Are
Plantar Pressure Insoles a Reliable Tool?” which originated our second publication
(Appendix II). This study intends to determine to reliability and minimal detectable
change of plantar pressure insoles in a sample of children with CP when walking in

regular footwear.
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Chapter VI shows the final research paper, entitled “Plantar Pressure Analysis in
Children with Cerebral Palsy While Wearing Orthoses — a Descriptive Study”, a
descriptive study of the plantar pressure distribution characteristics of children with CP,
while wearing plantar pressure insoles and walking with AFO. This study is currently

submitted in Scientific Reports, pending reviewing and publication.

Finally, in Chapter VIl we discuss the main findings achieved during the research
studies, pointing out the limitations and suggestions for future research. The document

ends with a global references (Chapter VIII) and the Appendix.
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2.1. Cerebral Palsy

CP is a complex pathology that describes a group of impairments and motor
disorders with different presentations and functional levels. It is the result of a non-
progressive insult to the central nervous system on precocious stage of its development
that can cause sensory, perceptive, cognitive, communications, feeding impairment,
epilepsy and musculoskeletal deformity that consequently lead limited function and

difficult on daily activities®.

CP can be classified by severity, distribution, type of muscle tone, gait pattern,

and even by functional abilities and impairment.

Severity refers to how much the motor limitations affect daily function of a
person with CP. A commonly used tool to access severity is the Gross Motor Function
Classification System — Expanded and Revised (GMFCS — ER). The GMFCS — ER is a tool
developed by Palsiano et al. (2008)? that classifies self-initiated gross movement of
children with CP, in tasks such as sitting, transferring from different positions and
surfaces, walking and overall mobility. There are five different levels of severity (level |
being the least severe, and level V the most affected) that differentiate the impact of
the impairment in the child’s daily life. It assess and includes the use of different types
of support and mobility and daily life aids. It has been adapted for the Portuguese

population from ages under 2 years old up to 18 years of age.

Distribution of CP characterizes the topographic affection of motor impairment
and spasticity in the person with CP. It can be labelled Unilateral or Bilateral, referring
to affecting mainly one side of the body or both. Unilateral CP usually affects the lower
limb and upper limb of one side of the body, with little to no expression on the trunk.
Bilateral CP can affect both lower limbs (commonly designated by diplegia), usually with
some impact on trunk control, or it can affect 3 or 4 limbs at once (usually called

tetraplegia) with trunk and head control being affected too.

All sub-types of CP have some form of movement and posture alterations. Spastic
CP presents with increased reflexes and tone that is velocity dependent. Dyskinetic CP
presents with involuntary and recurring movements, and a varying muscle tone. The

Dyskinetic group encompasses two distinct sub-groups (Dystonic and Choreo-athetotic).
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The Dystonic sub-group is characterized by a predominately high, but fluctuating tone
and sustained abnormal postures. The Choreo-athetotic CP presents with a combination
of rapid, fragmented and irregular movements and slower, reptilian or contorting
movements, and a lower muscle tone. Less frequent, Ataxic CP presents significant
muscle co-contraction throughout the range of motion, often appearing to shake or

tremble and lower tone3.

Overall, muscle control and tone is severely affected in children with CP
(regardless of sub-type), often with spasticity, hyper-reflexia and agonist and antagonist
co-contration as positive features, and weakness, difficulties in selective motor control,
sensory impairments and poor postural control as negative features. Although spasticity
is usually the focus of medical interventions, muscle weakness and muscle control are

determinants to the success of acquiring and maintaining walking ability*.

About half of the population with CP can walk, however most will display visible
deviations in the different planes of motion, especially when compared to the gait
pattern of their typically developed peers. The specifics of gait pathology and
biomechanical deviations will be addressed in the “Typical and Pathological Gait” sub-

section of this thesis.

One of the main measures of function in the population with CP is the Gross
Motor Function Measure (GMFM). The GMFM is a widely used toll for assessing motor
function in children with CP. Its different versions have all showed to be valid and
reliable and have good psychometric properties>®. Based on GMFM longitudinal
assessments, reference percentiles were created, that may help to predict the motor

acquisitions and prognosis of children with CP’.

Despite CP affecting mainly motor function, it is urgent to use assessment models
that can give an overall perspective of the abilities and limitations of the subjects. The
International Classification of Functionality (ICF) is the World Health Organization (WHO)
framework for measuring health and disability at both individual and population levels,
and is used as a common language between different professionals®. Specific ICF score
sheets have been developed for children and adults with CP°. ICF and GMFM have
showed a significant correlation, as a better physical function demonstrates a better

level of activity and participation and better quality of life?0.

FMH | UL



2.2. Epidemiology

The National Cerebral Palsy at 5 years old Surveillance Program (“Programa
Nacional de Vigilancia em Paralisia Cerebral”)!! collets and treats data of children born
in Portugal, between 2001 and 2012, aiming to report the incidence and prevalence of
CP and its impact on the Portuguese population. According to the program, it is

estimated that 1.61 children in thousand born are diagnosed with CP.

One of the most prevalent identified risk factors for CP is pre-term birth.
Especially extremely preterm birth (less than 28 weeks gestation) and very preterm birth
(between 28- and 32-weeks’ gestation) can increase the risk of CP by 85 and 50 times,
when compared to a full-term birth (after 37 weeks gestation). Other risk factors include
twin pregnancies, maternal age (women over 39 at the date of birth), congenital

malformations and low birth weight.

Most children with CP in Portugal are male (58.1%), with male children being 30%
more at risk than female children. Even when associated with other risk factors, like
extreme preterm birth, the proportion of male babies affected (49.2%) is higher than
that of female babies (44.5%).The most frequent presentation CP is spastic (77%),
followed by dyskinetic (10%) and ataxic (5%). Regarding global motor function (GMFCS),
about 50% of children present with the more severe levels (lll, IV and V), and the other
50% present are able to walk unaided (levels | and Il). Over the last few years the

percentage of severe cases has been on the rise.

Magnetic resonance imaging is a gold standard in confirming and defining
aetiology of CP. About 78% of the population studied had a neuroimaging exam done at
least once. From that collected data, it was confirmed that, most often the lesions are
located in the white matter of the brain, and consistent with periventricular
leukomalacia. Yet a steady percentage of children with CP (10%) do not show any

abnormalities in their neuroimaging exams.

Gross motor function and bimanual motor function are more severely affected

in children with spastic bilateral CP (with four limb involvement) and dyskinetic CP.
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Other associated comorbidities include visual, auditory and cognitive deficits,
epilepsy, mal-nutrition and musculoskeletal deformities. A significant portion of the
children had a sub-luxation (19%) or luxation (4%) of the hip joint. Other musculoskeletal
deformities, like foot deformities, are not directly report, and so, there is not data to
assess its prevalence. However, we can infer that most ambulant children with CP will
present with one or more musculoskeletal deformities and biomechanical

misalignments.

2.3. Typical and Pathologic Gait

Locomotion is a fundamental human need. Humans are bipeds, with a higher
gravity center (located in front of the S2 vertebra) and reduced support base, with
overall less stability and efficiency than most mammals. This accounts for the prolonged
time that takes a baby/child to acquire and consolidate gait. Children begin to develop

gait around the first year and this process can mature up to the sixth year of their lives'?,

Gait requires a complex central control system that starts in the motor cortex
and ends in the motor neuron, an efficient energy source that must provide oxygen and
metabolic fuel for the muscular system to process, and levers and forces that when
acted upon produce a moment. Walking is a compromise between the internal moments
generated by the muscles and the external moments generated by the ground reaction

and inertial forces!2.

Initially small children walk with a wide base of support, little balance and flat
feet on the floor, so called stepping. As the child grows, central nervous systems and
musculoskeletal systems matures, and the gait pattern will progressively resemble that

of an adult!2.

Gait can be divided in two main phases, stance and swing with each one taking
60% and 40% of the gait cycle, respectively. The typical gait cycle initiates when the foot
strikes the ground (Initial Contact — IC), progresses and bares weigh through the stance
phase (Loading Response — LR; Mid-Stance — MSt; Terminal Stance — TSt; Pre-Swing - PS),
swings in the air while advancing in space (Initial Swing — IS; Mid-Swing — MS; Terminal

Swing — TS) and finishes when that same foot hits the ground again?*3,
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The normal gait cycle joint kinetics and kinematics has been thoroughly
described, and involves sequence of muscle and joint responses that originate
proximally and evolve distally. Temporal parameters, such as walking speed, cadence,

step-length and stride length are also useful in characterizing the gait cycle®3.

Pathological gait frequently lacks prerequisites that make typical gait fluid and
energy efficient, such as a stable stance phase, foot clearance and foot pre-positioning

in swing phase, an adequate step length and the means to conserve energy!“.

About half of the population with CP can walk, however most will display visible
deviations in the different planes of motion, especially when compared to the gait
pattern of their typically developed peers. The brain insult that occurs at an early age
affects tone, balance and muscular control, imposing abnormal internal forces on a
growing skeleton that overtime result in musculoskeletal deformities that lead to
increasing gait deviations®. This cycle can be moderated by early intervention, and
therefore it is of the utmost importance to fully understand the different gait patterns

of children with CP.

A few different authors have proposed abnormal gait pattern classifications for
children with CP, but the two most used are Winters et al. (1987), revised by Rodda and
Graham (2001)* for spastic hemiplegia and Rodda et al. (2004)® for spastic diplegia.
These classifications are frequently used and quoted in the available literature and a
common language for research in gait analysis of children and adults with CP. They

summarize the complex characteristics of pathological gait in a manageable format.

Rodda et al., (2004)'®, sagittal gait patterns in spastic diplegia classification
proposes five different groups, describing the abnormal motion on the hip, knee and

ankle joints, as shown in Table 1.

Group I, True | The ankle is in equinus. The knee extends fully or goes into
Equinus mild recurvatum. The hip extends fully and the pelvis is

within the normal range or tilted anteriorly.

Group Il, Jump Gait The ankle is in equinus, particularly in late stance. The knee
and hip are excessively flexed in early stance and then
extend to a variable degree in late stance, but never reach
full extension. The pelvis is either within the normal range or

tilted anteriorly.
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Group |ll, Apparent

Equinus
The ankle has a normal range but the knee and hip are

excessively flexed throughout stance. The pelvis is normal or

tilted anteriorly.

Group IV, Crouch | The ankle is excessively dorsiflexed throughout stance and
Gait the knee and hip are excessively flexed. The pelvis is in the

normal range or tilted posteriorly.

Group V, | The gait pattern is asymmetrical to the degree that the
Asymmetric Gait subject’s two lower limbs are classified as belonging to
different groups; e.g. right lower limb group lll, apparent

equinus and left lower limb group II, jump gait.

Table 1: Classification of Sagittal Gait Patterns in Spastic Diplegia

Winters et al. (1987) classification, later revised by Rodda and Graham, (2001)%

describes four different sagittal gait patterns for spastic hemiplegia:

Type | There is an accentuated drop foot in the swing phase of gait.
No contractures are present and there is free dorsiflexion
Drop Foot
range of motion.
Type lla There is a plantar-flexed foot in the swing phase of gait as

. well as restricted dorsiflexion in stance. No knee or hip
True Equinus

involvement.

Type llb Similar to Type 2a, but presents with a hyperextended knee

. . during stance.
True Equinus with

Recurvatum Knee

Type llI This type of gait is characterized by gastrocnemius-soleus

. spasticity or contracture, resulting in impaired ankle
True Equinus w/

dorsiflexion in the swing phase and a flexed, stiff knee gait
Jump Knee

as the result of hamstring/quadriceps co-contraction.

Type IV It encompasses the characteristics described in the previous

X types, as well as hip involvement with limited hip extension
True Equinus w/

in terminal stance and increasing anterior pelvic tilt and
Jump Knee and

. internal hip rotations in stance.
Internal Rotation

Table 2: Classification of Sagittal Gait Patterns in Spastic Hemiplegia

Still the currently available classification systems do not encompass all patients,
as CP is highly heterogeneous and asymmetric. Further analysis, investigating separate

joint motion patterns and functional impairment in patients is needed?’.
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2.4. Pedobarography

Gait analysis has been historically associated with children with CP. In its advent,
it was associated with the need to assess pre and post chirurgical results of complex
orthopaedic surgery, and slowly expanded to other types of surgery and medical and

rehabilitation interventions, including AFO*3,

Laboratory gait analysis tools, such as optoelectronic cameras, reflective
markers, motion sensors, pressure mats and electromyography sensors have provided
very useful information about biomechanical alignment and function of the lower limb
of ambulant children with CP, and has allowed the body of available evidence to be ever

growing in the last few years'?13,

Although instrumented clinical gait analysis has been a great tool for planning
intervention and assessing outcomes in the rehabilitation process of CP children®'8, very

few studies include foot pressures assessment.

Foot deformity is a prevalent problem in people with CP, but still very few studies
illustrate the foot-ground interaction, namely with parameters like contact area and
time, plantar pressure distribution or progression during the stance phase of gait. Even
fewer studies reported the effects on plantar pressure distribution when introducing an

AFO.

Under this aspect, dynamic pedobarography is a relatively simple and non-
invasive technology that measures the change in plantar pressure distribution
throughout the stance phase of gait'>2°, It is a reliable tool?%?! and has been widely used
to obtain data from both healthy adult and children. In clinical settings it is mostly used
to monitor and assess patients with foot pathology over time and less often monitor the

effects of prescribed orthoses??.

In the past years, several studies have tried to produce normative age-dependent

databases'®?1723, fundamental in order to assess and compare pathologic populations.

In fact, more evidence is now surfacing about the foot characteristics of typically
developed children. Firstly, foot pressures change dramatically throughout the life cycle,

especially in the early years (up to 6 years old). The evidence shows that while younger
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children present with a flatfoot pattern, older children tend to develop a more
curvilinear pattern®2. Also older children show higher values in the main plantar pressure

variables, compared to younger children?3.

One of the challenges of standardizing this tool, is that there are multiple
footprint segmentation models'®. There is still no consensus about which foot model
may provide the most detailed information, without losing the functional aspects of the
foot?*. Most authors propose an anatomical division, corresponding to the foot joint
positions, that ranges from 5 to 8 subdivisions of the footprint (among the most often
used are heel, midfoot (medial and lateral), forefoot (medial and lateral), toes (2"9-5t"

and 15t toe)19.22:24-26,

Another challenge of systematically using this tool and provide comparisons
between groups is the selection of the different pedobarography variables. From the
available studies'®?2?327 we can identify variables like, contact time, contact area,
average and maximum force, average and peak pressure, force-time integral, pressure-

time integral, Center of Pressure (CoP) progression and the Arch Index.

Contact area is defined as the area covered by foot during one step and contact
time is defined as the time interval between initial ground contact and toe off. Normal
foot tends to have larger contact area covered and shorter contact time, which in

addition leads to less rigid and more stable foot to absorb impact.

Maximal and average force, peak and average plantar pressures represent the
maximal and average load in an area under the foot during one step. These forces may
represent up to 120% of body weight, and are definite contributors for the formation of

the foot?3.

Additionally, the influence of high pressures for a short duration of time versus
lower pressures for longer duration is also important to consider. On that note, force-
time integral and pressure-time integral are variables which describe the cumulative
effect of force and pressure over time in a certain area of the foot, additionally providing
a value for the total load exposure of a foot sole area during one step. Previous studies
have shown that cumulative effect of force and pressure can lead to tissue damage and

increase the risk of skin trauma?3.

13
FMH | UL



The CoP progression provides a picture of foot pressure distribution throughout
the stance phase and has been used to predict regions of the foot that are at risk for
overload. The Arch Index (Al), is defined as the ratio between the midfoot area and the
overall contact area and it provides useful information on the position of the foot,
classifying it as flatfeet/ planus feet (lower or missing arch), normal feet (with normal

arch) and cavus feet (with high arch)?’.

Still from the few available studies concerning the CP population, data shows

that overall there is an increased pressure towards the forefoot and toes?”:28,

Femery et al. (2002)?° reports that children with CP have significant differences
in plantar pressure loads in both feet, whether on the most affected limb or on the
unaffected one. Also, as opposed to the typically developing foot, that tends to have
larger contact area and shorter contact time?%23, children with CP tend to have a smaller
foot area distribution and increased contact time, due to the asymmetry of gait and the

difficulties in postural control?%23,

2.5. The Use of Ankle-foot Orthoses in Children with Cerebral Palsy

CP is a clinical condition responsible for significant functional deficits and has a
huge impact in daily living of those who live with it. It is very representative of the

practice of a Paediatric Physiotherapist.

Optimizing the gait pattern of children with CP is a primordial goal in
rehabilitation, as a higher functional mobility has been associated with a higher social
participation'®. There are countless interventions that aim to improve selective motor
control and muscle coordination, strength and endurance, biomechanical alignment and
overall gait efficiency. Medical and surgical interventions include application of
botulinum toxin, phenol, muscle and tendon stretching and dorsal rizothomy. Orthoses

are also commonly used and one of the most prescribed are the AFO.

AFO main objective is to improve the gait pattern by controlling and positioning
the ankle and foot, during the different phases of gait. AFO increase stability of the lower
limb, amending for muscle weakness and biomechanical misalighment, moderating the
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deforming forces common to CP. They can work either by restricting excessive ankle
plantarflexion, improving valgus/varus of the foot, and sometimes aiming to influence

the positioning of the knee, by allowing a better knee extension during stance430%-32,

AFO are likely more effective at preventing, rather than alleviating, contractures
and deformity in the foot and ankle, although the existing literature is not yet conclusive.
One of the challenges of providing strong evidence on AFO is its prescription. One of the
existing difficulties relates to the “dosing” of orthoses (duration of wear and design) in
ambulatory CP*3. They may be used for smaller or longer periods of time, and often
enough users report maladaptation. Still there is a valid concern about the restriction of
movement and its relation to muscle waste and limiting the development of typical

movement patterns.

These orthoses may come in a multitude of materials and configurations, and
may be pre-made or customised according to the identified issues. There is a wide
selection of AFO that can be used in the rehabilitation processes. However, their
intended function depends mainly on their configurations, the material used and its
stiffness. Any alteration of these three components will alter the control the AFO has on
the patient’s gait®*. There are multiple designs, either fabricated as a one-piece of
thicker thermoplastic AFO, that restricts ankle and foot motion in all three planes
(SAFO), or a flexible and dynamic AFO, that allows some degree of sagittal plane motion
(DAFO), or a one piece design with a posterior malleolar trim line (Posterior Leaf Spring-
PLS) or as a two-piece design with a hinged joint that typically allows for dorsiflexion

(HAFO) or a one piece anterior shelf design that promotes knee extension (GRAFQ)3>%7,

AFO have demonstrated positive effects in multiple parameters, like gait speed,

step length, knee and ankle joint range or energy expenditure43°,

Even though AFO is a frequently-prescribed intervention for children with CP,
rigorous evidence of their efficacy is limited38, mainly because of the heterogeneity of
outcome measures among researchers, which limits comparison between studies3?.
Particularly the absence of information about the clinical reasoning behind the AFO
prescription, the selection of AFO design and construction, materials (including stiffness
and thickness), AFO/footwear combinations, tuning and acclimatization periods, makes

it difficult to compare results within studies®®4?,
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3.1. Scoping Review

Evidence-based healthcare is the gold standard and in the CP research, an
expanding field. With the continual increase of primary research, the conduct of reviews
has also increased and evolved. Different objectives and questions have led to the
development of new approaches that are designed to more effectively and rigorously
synthesize the evidence. Aiming to review the existing body of literature about the use
of AFO in children with CP, a scoping review protocol was constructed based on PRISMA
guidelines! and registered in PROSPERO (International prospective register of systematic

reviews).

A registered scoping review protocol is important, as it pre-defines the
objectives, methods, and reporting of the review and allows for transparency of the

process, and preventing anyone else to do the exact same review.

According to Aromataris and Pearson (2014)2, the main characteristics of a well-

conducted review are:
- Clearly articulated objectives and questions to be addressed;

- Inclusion and exclusion criteria, stipulated a priori (in the protocol), that

determine the eligibility of studies;

- A comprehensive search to identify all relevant studies, both published and

unpublished;

- Appraisal of the quality of included studies, assessment of the validity of their

results, and reporting of any exclusions based on quality;
- Analysis of data extracted from the included research;
- Presentation and synthesis of the findings extracted;

- Transparent reporting of the methodology and methods used to conduct the

review,

Bearing these recommendations in mind, a preliminary search was performed to
select keywords related to the population, intervention and outcomes using the PICO
framework3. The keywords selected from the MeSH database in MEDLINE. The search
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to identify the relevant articles for this review was carried out in the following
databases: Pubmed, Scopus, ISI Web of Science, Cochrane Library and Scielo. The
eligibility criteria for the selected articles were randomized clinical trials (RCT) and
controlled clinical trials (CCT) (Study Design); written in English, Portuguese or Spanish
(Language); with a focus on the paediatric population with bilateral CP (Population) that
used an AFO as a therapeutic intervention (Intervention). The exclusion criteria were the
use of functional electrical stimulation or robotic assisted therapy and the existence of
previous surgical or medical procedures (Intervention). The outcome measures
considered were the biomechanical gait parameters and/or functional abilities,
including spatial-temporal, kinematic, kinetic, and gross motor function outcomes

(Outcomes).

The article selection was conducted by two independent reviewers and a third
external reviewer would resolve any disagreements. The resulting articles were
assessed by the PEDro Risk of Bias Tool*>, for a minimum score of >5 points, which

usually represents an adequate methodological quality study®.

The main findings of the scoping review, alongside with any clinical practise
guidelines and implications for future studies were clearly discussed and stated as a

conclusion at the end of the paper.

3.2. Test-retest Reliability Analysis

Reliability analysis means to assert that an assessment tool produces stable and
consistent results overtime. Test-retest reliability is a method of measuring of reliability
obtained by administering the same test twice over a period of time to the same group

of individuals.

The correlation between the different assessments may be expressed by the
Intraclass Correlation Coefficient (ICC). The ICC is an index that reflects both correlation

and agreement between measurements’.
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For the second research paper ICC considering the two-way mixed model with
absolute agreement and accounting for the mean of multiple measurements’ were
calculated for all variables and masks, and a critical level of p < 0.05 was considered

significant. The ICC statistical analysis was performed using the following formula:

MSg — MSg
MSC - MSE
n

ICC =

MSy +

where MSg represents the mean square between lower limbs; MSe represents

the mean square for error; MSc represents the mean square within lower limbs,
concerning the selected pedobarograph variables; and n is the total number of lower
limbs assessed (two lower limbs for each of the eight participants).The level of
agreement was considered poor, fair, good, and excellent when ICC < 0.40, 0.40 < ICC<
0.60,0.60<1CC<0.75,and 0.75 <ICC<1.00, respectively [29]. Calculations also included
the mean difference between measurements (Meangi), the 95% Cl for the Meangir, the
standard deviation of the differences (SD4irt), and the 95% Bland and Altman limits of

agreement (95% LOA).
The absolute measure of reliability standard error of measurement (SEM) was

SEM =
V2

calculated using the following equation:
where SDqiff represents the standard deviation of the difference.

For clinical purposes, it is very important to have a limit to determine when
significant changes occur and the outcomes are meaningful®. So, to determine the
smallest amount of change that must be achieved to reflect a true change, outside the
error of the tests, the minimal detectable change (MDC) was calculated using the

following equation:

MDC = 1.96 -2 - SEM
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3.3. Plantar Pressure Insoles for Pedobarography Analysis

Plantar pressure collection devices are a fairly recent instrument that has gained
popularity in scientific studies with typical developed population and with individuals
with pathology alike. Both in-shoe (insoles) systems and pressure-platform/mat systems
have been used, and typically measure pressure, vertical force, and foot contact area

during the stance phase of the gait cycle'®.

This technology consists of capacitive sensors with electrical properties, which
are sensible to pressure changes, creating a signal proportional to the pressure exerted.

Similar to other systems, it also uses a method of normalization and calibration°.

Data collection and processing was similar in both studies in included in this
dissertation. The participants wore the foot insoles Pedar-X system® (Novel, Munich,
Germany), inside their usual footwear and/or orthotic device (adequate to their feet
size) and no socks, wearing the same combination of footwear and/or orthoses for all
required trials. The batteries and the wireless transmitter were strapped or placed inside
a backpack on the participant’s back. A schematic picture and a photograph illustrate
the experimental setup used (Figure 1). The insoles were calibrated using the Pedar X
Standard (v 25.3.6, Novel, Munich, Germany) protocol (before the beginning of each
trial, the participant was asked to lift one foot at a time off the ground for approximately
15 s). Data were sampled at 100 Hz. The participants were instructed to walk back and
forth, along a 5 m line drawn on a smooth and regular floor, unassisted and at a self-
selected speed, without running. A chair was placed at either end of the walkway, in
case the participants needed to stop. Data collection stopped after 2 min if the children

achieved a minimum of 15 steps with each lower limb.
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Figure 1: Experimental Set Up

Data were extracted and processed using the Novel Multiprojects-e (v 24.3.34,
Novel, Munich, Germany), which enabled the creation of a database and processing of
each participant’s individual footprint. Each data set was reviewed and amiss footprints
and directional changes were wiped out of the original records. The average of the
selected variables (force—time integral, pressure—time integral, maximum force, peak
pressure, contact area, and contact time) was automatically calculated by the software
for the whole foot. A mask then divided the foot into three regions (hindfoot, middle
foot, and forefoot), according to the length of the foot (0 to 30%, 30 to 60%, and 60 to
100% of total length, respectively), as shown in Figure 2. These masks were applied
automatically by the software, and average scores were calculated for each variable and
zone. The software also produced 3D plantar pressure maps for each participant,

allowing a visual comparison of the first and second trial (Figure 3).
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Figure 2: Three zones of segmentation of the foot (1 — 0% to 30% of total length; 2 — 30% to 60 % of total length; 3 —
60% to 100% of total length). Obtained from Novel Multiprojects-e (v 24.3.34, Novel, Munich, Germany).
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Figure 3: Three-dimensional plantar pressure mapping for test—retest results of participant 008. Obtained from
Novel Multiprojects-e (v 24.3.34, Novel, Munich, Germany).
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Abstract: Background: Cerebral Palsy (CP) is the most common cause of motor disability
in children and can cause severe gait deviations. The sagittal gait patterns classification
for children with bilateral CP is an important guideline for the planning of the
rehabilitation process. Ankle foot orthoses (AFO) should improve the biomechanical
parameters of pathological gait in the sagittal plane. Methods: A systematic search of
the literature was conducted to identify randomized controlled trials (RCT) and
controlled clinical trials (CCT) which measured the effect of AFO on the gait of children
with spastic bilateral CP, with kinetic, kinematic, and functional outcomes. Five
databases (Pubmed, Scopus, ISI Web of SCIENCE, SciELO, and Cochrane Library) were
searched before February 2020. The PEDro Score was used to assess the methodological
quality of the selected studies and alignment with to the Cochrane approach was also
reviewed. Prospero registration number: CRD42018102670 Results: We included 10
studies considering a total of 285 children with spastic bilateral CP. None of the studies
had a PEDro score below 4/10, including 5 RCT. We identified five different types of AFO
(Solid; Dynamic; Hinged; Ground reaction; Posterior Leaf Spring) used across all studies.
Only two studies referred to a classification for gait patterns. Across the different
outcomes, significant differences were found in walking speed, stride length and
cadence, range of motion, ground force reaction and joint moments, as well as
functional scores, while wearing AFO. Conclusions: Overall, the use of AFO in children
with spastic bilateral CP minimizes the impact of pathological gait, consistently
improving some kinematic, kinetic and spatial-temporal parameters, and making their
gait closer to that of typically developing children. Creating a standardized protocol for
future studies involving AFO would facilitate the report of new scientific data and help

clinicians use their clinical reasoning skills to recommend the best AFO for their patients.

Keywords: Child; Cerebral Palsy; Gait Analysis; Orthotic Devices; Biomechanics

4.1. Introduction

The Cerebral Palsy (CP) is the most common cause of motor disability in

children'=3. Overall prevalence of CP is around 1 per 500 live births worldwide?=. CP is a
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complex pathology that describes a group of impairments and motor disorders® with

different presentations and functional levels®.

The gait deviations that occur in children with CP are among other factors, due
to inadequate muscle action’. Instrumented clinical gait analysis has been a great tool
for planning intervention and assessing outcomes in the rehabilitation process of
children with CP?8, However the use of all the outcomes within the three-dimensional
kinematics or kinetics data to support the classifying gait patterns in CP is still scarce?®,
due to the almost exclusive use of the sagittal plane kinematic outcomes in the majority
of the gait classifications systems®1°. Among several gait classifications systems in
children with CP, and particularly in bilateral spastic CP, Rodda et al.'! has identified
several gait patterns and reported a high intra-rater reliability and moderate inter-rater
reliability®. More recently Papageorgiou et al.!° concluded that the characteristics
presented by Rodda were considered as the most exhaustive ones, always including

information about the co-occurring deviations across all lower limb joints'°.

This classification is based on clinical insight and biomechanical principles and
identifies five basic patterns of sagittal plane gait in spastic bilateral CP namely true
equinus, jump gait, apparent equinus, crouch gait and asymmetric gait. These definitions
are intended to be starting points for the guidelines in the planning of the rehabilitation
process of children with CP. This allows not only the assessment of the most suitable
orthosis for each case but also other surgical and non-surgical interventions, helping in

the clinical decision-making process*’.

The use of AFO is commonly prescribed to prevent the development or
progression of deformity and to control motion to improve dynamic efficiency of the
child’s gait'?®3. There is a wide selection of AFO that can be used in the rehabilitation
processes. However, their intended function depends mainly on their configurations,
the material used and its stiffness. Any alteration of these three components will alter
the control the AFO has on the patient’s gait'®. There are multiple designs, either
fabricated as a one-piece of thicker thermoplastic AFO, that restricts ankle and foot
motion in all three planes (SAFO), or a flexible and dynamic AFO, that allows some
degree of sagittal plane motion (DAFO), or a one piece design with a posterior malleolar
trim line (Posterior Leaf Spring-PLS) or as a two-piece design with a hinged joint that

31
FMH | UL



typically allows for dorsiflexion (HAFO) or a one piece anterior shelf design that

promotes knee extension (GRAFO)* 17,

Overall, studies involving gait and kinematic analysis indicated that pathological
gait in the sagittal plane can be improved using ankle foot orthoses (AFO)%819, however
it is not consensual about what factors are improved and how they have been improved.
Thus, an assessment of the biomechanical characteristics and functional ability of the
participants at baseline is crucial to track existing changes during the use of AFO?°. Many
studies involving orthotic use with CP patients present a wide variety of discrepancies in
inclusion criteria or baseline assessments, missing information about orthosis design
and construction and how they are used, and different type of outcomes that can bias
the indicated results. Previous systematic reviews have not focused on specific CP
subgroups or referred to gait pattern classifications, thereby including a wide range of

gait abnormalities, or have included the information of lower quality studies?'~24,

Due to the broad specter of physical presentations of children with CP, the aim
of this review is to determine the effects of different types of ankle foot orthoses on the
gait of children with spastic bilateral CP presenting specific recommendations for this
particular subset, and whenever possible refer to its effects on the five different sagittal

gait patternst’,

4.2. Materials and Methods

4.2.1. Search strategy

A preliminary search was performed to select keywords related to the
population, intervention and outcomes using the PICO framework?®. The keywords
selected from the MeSH database in MEDLINE were: cerebral palsy, child, adolescent,
orthotic devices, foot orthoses, splints, gait, kinematics, kinetics, walking, hip, hip joint,
knee, knee joint, ankle, ankle joint, articular range of motion, walking speed and
International Classification of Functioning, Disability and Health (ICF). Subsequent
refinement searches were performed to obtain results. The selected keywords were

joined by the words “AND” and “OR”. The search equation was adapted according to
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the database where it was applied. The search was performed between January and July
2018, and included all records from the onset of each database. A secondary search was
conducted in February 2020 with no other studies meeting the eligibility criteria. A
keyword search was performed to match words in (all fields) the title, abstract or
keywords fields. The publication date was not restricted. Whenever possible filters on

language were applied (Portuguese and English) (Appendix A).

The search to identify the relevant articles for this review was carried out in the
following databases: Pubmed, Scopus, ISI Web of Science, Cochrane Library and Scielo.
To identify potentially relevant trials that were unpublished or ongoing a search was also
performed in the database of the World Health Organization International Clinical Trials
Registry Platform (WHO ICTRP) and in the US National Institutes of Health

(ClinicalTrials.gov).

4.2.2. Selection criteria

4.2.2.1. Eligibility Criteria

The methodology used for this review followed the Cochrane guidelines?®. The
eligibility criteria for the selected articles were randomized clinical trials (RCT) and
controlled clinical trials (CCT) (Study Design); written in English, Portuguese or Spanish
(Language); with a focus on the paediatric population with bilateral CP (Population) that
used an AFO as a therapeutic intervention (Intervention). The exclusion criteria were the
use of functional electrical stimulation or robotic assisted therapy and the existence of
previous surgical or medical procedures (Intervention). The outcome measures
considered were the biomechanical gait parameters and/or functional abilities,
including spatial-temporal, kinematic, kinetic, and gross motor function outcomes

(Outcomes).

4.2.2.2. Study Selection
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The article selection was conducted by two independent reviewers (D.R. and
M.R.R.), after duplicates removal and checking the articles’ titles and abstracts against
the eligibility criteria. The full text of the remaining articles was read. A bibliographic
reference software manager (Mendeley V. 1.19.3) was used to assist the selection
process. Whenever the two main investigators could not reach a consensus, a third

external reviewer (E.B.C.) would intervene.

4.2.3. Methodological Quality (Risk of Bias)

The assessment of the quality of the included studies was the PEDro Risk of Bias
Tool?”?8, for a minimum score of >5 points, which usually represents an adequate
methodological quality study?’. The rating of the studies and scoring on their
methodological consistency were conducted by two reviewers (D.R. and M.R.R.) and, in
case of disagreement or any discrepancies in scores, details were discussed with a third
reviewer (E.B.C.). Furthermore, alighment between the PEDro scores and the Cochrane

approach was verified for a broader assessment of the quality of the included studies?°.

4.2.4. Data Extraction

The characteristics of each selected study were extracted to compare the
features across the studies. Author names, date of publication, study type and design,
population characteristics and eligibility criteria, sample size, intervention type and

duration, variables, measure instruments and main findings were included.

4 3. Results

4.3.1. Article selection

The initial search strategy identified 469 articles. After 78 duplicates were
excluded, a further screening based on the title and abstract to assess the relevance of
the articles excluded 352 articles. These articles did not meet the criteria of Population
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(37), Intervention (272), Outcomes (4) and Study design (39). A full text reading excluded
29 articles based on the criteria of population (3), intervention (2), outcomes (1), study
design (21) and language (2). This resulted in a total of 10 articles that met our inclusion

criteria and were included in our review flowchart (Figure 4).

- Records identified in database Number of duplicates
e search: 469 excluded: 78
2 (Pubmed: 14, Scopus: 424, p| - Automatic: 41
b= Isi Web of Science: 8, Cochrane: - Manually: 37
g 6, Scielo: 17
-
(=]
Articles excluded after title
and abstract screened: 351
?:D L Reasons:
5 Records screened: 391 »| - Population: 37
g - Intervention: 272
v - Qutcomes: 4
- Study Design: 38
I ) )
= Full text articles assessed for Articles excluded after full
-"ED eligibility: 39 texts assessment: 29
] .
= Reasons:
- Population: 3
- Intervention: 2
T Articles included in the - Qutcomes: 1
B systematic review: 10 - Study Design: 21
E - Language: 2
o

Figure 4: Flowchart of the article’s selection process

4.3.2. Article characteristics

The selected articles were published between 1997 and 2016. Of the 10 studies
that were included, 5 were RCT*>30-33 (three with a crossover design) and 5 were CCT3*
38 The duration of the studies ranged from 1 day to 12 months in total. All studies
compared at least one type of AFO intervention with barefoot, shoes or other types of
AFO interventions. The range of measurement instruments that were used included:
optoelectronic systems, ankle accelerometer, force plates, and the Gross Motor
Function Measure (GMFM) tool. The studies reported spatial-temporal parameters

(walking speed, stride length and cadence), kinematic outcomes (range of motion),
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kinetic outcomes (ground reaction force, joint moments and joint power) and functional

outcomes (GMFM). This enabled the compilation of data detailed in the Table 1.
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Table 3: Participants, sample details, methods, and main results

Authors Year | Study Population Eligibility Criteria N Duration Intervention/ Variables Measurement Main  Results and  Author’s
Design Characteristics Procedure Instruments Conclusions
Bjornson, | 2006 | Randomised | 23 children | Children with | 23 | 1day DAFO and Shoes. | Functional skills | GMFM The GMFM percentage scores for all
200672 crossover with spastic CP | spastic  diplegia (GMFM scores). dimensions were significantly higher
controlled (age:43+15 | CP, 12 to 96 with the patients wearing the DAFO
. years) months, GMFCS | GMFM used once (P<0.001).
trial to Ill, Bilateral use with/without the i
. i There seems to be a non-significant
of AFO with free orthoses during a : -
plantarflexion. came day negat!ve c?rrelatlon of age .to
. standing skills change, suggesting
evaluation. that DAFO effect may decrease with
age, up to the age of approximately
7 years (P < 0.001).
Bjornson, | 2016 | Randomised | 11 children | Children with | 11 | 4 weeks (2 | SAFO and Shoes. Functional skills | StepWatch (Ankle | No significant difference was found
201673 crossover with spastic CP | spastic  diplegia weeks (Average total | accelerometer) in the primary outcome of average
controlled (age: 4,3 + | CP; GMFCS I to lll; without strides per day; daily total step count between AFO-
trial 1,04 years) Bilateral use of AFO and 2 | Community % daytime hours ON and AFO-OFF (P = 0.48).
AFO > 8h/day, >1 weeks with | based  walking | walking; . . ) .
month. AFO) with/without AFOg average number AFO did not improve walking activity
. L. . levels.
with a multiaxis | strides >30
accelerometer. strides/min;
peak activity
index).
Buckon, 2004 | Randomised | 16  children | Children with | 16 | 1 year (a | Barefoot or HAFO | Functional skills | Optoelectronic AFO use, regardless of
200474 crossover with spastic CP | spastic  diplegia baseline or PLS or SAFO (GMFM scores); | system; Force | configuration, did not significantly
controlled (age: 8,3 +2,3 | CP; GMFCS | to II; assessment plates; GMFM. alter pelvic and hip kinematics
. years) Bilateral use of after three and/or kinetics from the barefoot
trial AFO, 6 to 12h months of Gait analysis condition. At the knee there was no
daily >3 month. no AFO data (Kinematic significant kinematic change. All AFO
wear, and variables at the configurations significantly altered
an pelvis, hip, knee, ankle kinematics during the stance
assessment and ankle; and swing phases of gait:
at the end Kinetic variables dorsiflexion at initial contact
of each at the hip, knee, (p=0.0001), peak dorsiflexion in
AFO three- and . anlfle; stan(.:e (_p<0.f_)09), timing of peak
Velocity, stride dorsiflexion in stance (p<0.003),
mont.h length, step peak  dorsiflexion in  swing
wee.mng length and (p<0.0002), and dynamic ankle
period i
cadence)
37
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range (p<0.0001) compared with
barefoot.

Between the configurations, peak
dorsiflexion in stance was
significantly greater in the HAFO
than the SAFO (p=0.01), and the
timing of peak dorsiflexion in stance
was significantly later in the stance
phase in the HAFO compared with
the SAFO (p=0.005). In conjunction
with the changes in ankle
kinematics, ankle kinetics (peak
dorsiflexion moment in early stance
[p=0.0001], peak plantarflexion
moment in early stance

[p=0.0001], peak power generation
in stance [p<0.008], and the timing
of peak power generation
[p<0.005]) changed significantly in
all the AFO configurations compared
with barefoot.

All of the AFO configurations
significantly increased step
(p<0.005) and stride length
(p<0.006) compared with barefoot,
while significantly ~ decreasing
cadence (p<0.0005). Therefore,
velocity did not increase significantly
with AFO use compared with
barefoot. Velocity was significantly
slower in the HAFO compared with
the PLS (p=0.009), owing to a 17%
decrease in cadence in the HAFO, an
11% decrease in the PLS, and a 13%
decrease in the SAFO, compared
with barefoot. AFO use did not
significantly improve skills within
the Standing dimension of the
GMFM. However, all AFO
configurations significantly
improved skills within the W/R/)
dimension compared with the
barefoot condition (p<0.002).
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Degelean, | 2012 | Non- 20  children | Children with CP | 20 | 1day Spring AFO or | Gait analysis | Optoeletronic Children with CP showed greater
201275 randomised | with  spastic | of the spastic | + SAFO vs Barefoot. | data (Trunk | system. trunk sway excursion and angular
controlled diplegic CP | diplegia type | 20 movements; velocity in both the sagittal and
clinical trial | (meanage: 7,6 | withinthe age of 4 Angular frontal directions compared to the
plus healthy | + 1,7 years) + | and 12 years; No Participants velocities; Peak- control group (P < 0.05).
controls 20 ty.plcally history . of walked at a to-pea.k _ Children with CP have greater
(repeated developing orthopaedic comfortable excursions in .

. sagittal and frontal trunk
measures children surgery; No speed an 8-meter | trunk  angular )
design) (mean age: | botulinum toxin walkway with | displacements; moveme.nts cor'r)pared to typically

7,8, * 1,4 | injections within AFO and | Elevation angles dfeveloplng. children, bf"t the
- difference in frontal motion was
years) the last vyear; barefoot. of the thigh, higher than i tal ) p
GMFCS level | or shank, and foot). igher than in sagittal motion (P <
II; Use of posterior The task. was 0.05).

leaf spring-type or recorded using an The use of any of AFO improved
solid AFO either in optoelectronic lower limb intersegmental
habitual walking system detecting coordination during gait in children
or during physical passive retro- with spastic diplegia by making it
therapy sessions. reflective closer to a typical, mature gait
markers. pattern (P <0.05). This was indicated
in a significant greater ROM of the
shank and a decreased ROM the
foot. However, wearing AFO results
in increased trunk motion, which
may be problematic in the context of

difficult postural control.
El-Kafy, 2014 | Randomised | 57 children | Children with CP | 19 | 2h/day, 5 | Control group (A) | Gait analysis | Optoeletronic There were significant differences
201435 parallel with  spastic | of the spastic | + days/week | - traditional | data (Gait | system. among the 3 groups pretreatment in
group diplegic (mean | diplegia type | 19 | for a total | neuro- speed; Cadence; all measured variables (gait speed,
controlled age: 7,3 = 1,3 | within the age of | + of 12 Stride  length; cadence, stride length, and bilateral
trial years) 6-8 years old; | 19 | weeks deve'lopmental Hip and knee hip and knee flexion angles), and
Under 40 kg; physical therapy. flexion angles). that they were present post-
Cognitively able treatment (P < 0.05). This is due to
to understand the improvement of the plantar
simple Study group (B) — flexion, knee extension coupling and

instructions; No
recurrent medical
issues; No allergic
reactions to the
adhesive tape or
any other
materials; No
visual, auditory,
or perceptual
deficits or

A+

TheraTogsTM
orthotic
undergarment
and strapping
system for both
lower
extremities.

knee and hip extension angle in mid
stance provided by the GRAFO.

The statistically significant
differences post-treatment, in all
parameters, were greater in group C
than that in both groups A and B (P
<0.05).

The results concerning the mean
values of bilateral hip and knee

FMH | UL
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seizures; No
previously use of
TheraTogs
orthotic

undergarment, or
strapping system
and ground
reaction ankle
foot orthosis; No
botulinum toxin in
the lower
extremity
musculature
during the past 6
months or other
spasticity
medication within
3 months of pre-
treatment testing.

Study group (C) —

B + received
GRAFO in both
lower limbs.

Participants
walked at a
comfortable
speed an 8-meter

walkway with
AFO and
barefoot.

The task was
recorded using an
optoelectronic

system detecting
passive retro-
reflective
markers.

rotational angles between both
groups B and C revealed that there
were no statistically significant
differences in either pre- or post-
treatment evaluation times (P <
0.05).

Lam,
200576

2005

Non-
randomised
controlled
clinical trial
plus healthy
controls
(repeated
measures
design)

7 boys and 6
girls with
spastic

diplegic cpP

(mean age: 5,9
+1,81 years) +
18  typically
developing
children (age
matched)

Spastic  diplegia
CP with mainly
moderate
dynamic equinus
(modified
Ashworth scale 1-
3);

No significant
coronal or
rotational
deformities; No
botulinum  toxin
injections  within
the preceding 5
months; Good
vision; The ability
to comprehend
instructions; Be
able to walk
independently.

13

18

1day

AFO and DAFO.

Barefoot (healthy
subjects control
group).

Gait analysis

data (Stride
length;  Stride
time; Speed;
Stance time;
Swing time;

Stance/Swing
ratio; Cadence;
Range of motion
parameters;
Moment
parameters;
Power
parameters).

Optoeletronic
system;

Force platform.

CP patients had significantly shorter
stride length than normal. Both AFO
and DAFO conditions significantly
increased stride length (P < 0.05).

The mean stride length in CP
patients walking barefoot (0.69 *
0.14) was 65% of the healthy age
matched children. The stride length
was significantly increased when the
subjects were wearing AFO (0.74 +
0.15) or DAFO (0.81 £ 0.15).

Concerning the total ROM there was
a reduction of range of motion at the
ankle joint between the barefoot
(22.39 + 6.78), AFO (12.44 + 5.55)
and DAFO (19.72 + 4.46).

At initial contact children with DAFO
presented a significantly increased
knee and hip flexion by 4.8° (P <
0.016) and 5.3° (P = 0.012),
respectably, when compared to
barefoot walking.
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No significant difference was found
at the ROM in the knee and hip
between the AFO and DAFO .

There was a significantly higher
ground reaction force at the second
peak wearing an AFO (0.97 + 0.06)
than when walking barefoot (0.89 *
0.11).

Both the AFO (0.96 + 0.27) and the
DAFO (1.11 * 0.43) showed a
significant improvement in the
maximum plantarflexion moment
compared to barefoot (0.69 + 0.25).
It was 0.28 Nm/kg higher in the AFO
and 0.42 Nm/kg higher in the DAFO.

There was no significant difference
determined among barefoot, SAFO
and DAFO in all knee and hip power
parameters.

Radtka,
199778

1997

Non-
randomised
controlled
clinical trial
(repeated
measures
design)

10  children
with spastic CP
(6 diplegic; 4
hemiplegic)
(mean age: 6,5
+1,86 years)

Spastic  diplegia
and unilateral CP;
Community

ambulatory with
plantigrade foot
in standing,
excessive plantar
flexion during the
stance, passive
dorsiflexion of 5
degrees or more
with knee
extended, passive
hip extension of
10 degrees or
more, passive
hamstring muscle
length of 60
degrees or more
in straight leg
raise, mild to
moderate

spasticity in lower
limb; No use of

10

3  months
(2weeks
barefoot
+1 month
with AFO +
2 weeks
barefoot
+1 month
with DAFO)

AFO and DAFO.

Gait analysis
data (Walking
speed; stride

length; cadence;
range of motion
of the trunk,
pelvis, hip, knee,
and ankle at
initial  contact
and mid-
stance).

Contact closing
foot-  switches;
Optoelectronic
system.

There was as increased stride length
wearing the AFO (0.97 + 0.16) and
DAFO (0.93 + 0.13) compared with
the barefoot condition (0.82 £+ 0.13).

The cadence was higher barefoot
(148.33 + 15.73) than with the AFO
(140.10 * 8.79) and DAFO (136.55 +
10.96). The excessive ankle plantar
flexion with no orthoses (8.54 *
5.61) was over reduced with AFO (-
2.62+3.93) and DAFO (-1.66 £6.23).

There were no differences (P <
0.002) at the level in joint motions of
the knee, hip, and pelvis at initial
contact and mid-stance with AFO or
DAFO.

The amount of ankle plantar flexion
that occurred at initial contact and
mid-stance in the interventions with
no orthoses was reduced with both
AFO and DAFO.
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assistive device in
ambulation; No
orthopaedic
surgery in the
previous year.

No differences were found for the
gait variables when comparing the
two orthoses (P < 0.02).

Radtka,
200577

2005

Non-
randomised
controlled
clinical trial
(repeated
measures
design)

12 children
with  spastic
diplegic CcpP
(mean age: 7,5
+ 3,83 years)

Spastic  diplegia
CP;  Community
ambulatory with
ankle dorsiflexion

to 0 degrees
during static
standing,

excessive  ankle

plantar flexion of
5 degrees or more
during stance in
gait, passive ankle
dorsiflexion to 5
degrees with knee
extended passive
hip extension to
-10 degrees or
less in the Thomas
test, passive
hamstring length
of 50 degrees or
more as
measured by a
straight leg raise;
mild spasticity

of the triceps
surae, hamstrings
and quadriceps;

No surgical
procedures in the
past or any other
orthopaedic
surgery during the
year prior to the
study.

12

3  months
(2weeks
barefoot
+1 month
with AFO +
2 weeks
barefoot
+1 month
with HAFO)

SAFO and HAFO.

Gait analysis
data (Range of
motion of the
knee and ankle

during the
stance

phase; walking
velocity; stride

length; cadence;
knee and ankle

sagittal joint
moments and
powers during
the stance
phase).

Optoelectronic
system;

Force plates.

The mean stride length was
increased with both SAFO (0.87 +
0.19) and HAFO (0.90 + 0.19) when
compared to no AFO (0.79 + 0.19).
No significant differences in walking
velocity, cadence and stride length
when comparing no AFO, SAFO and
HAFO (P < 0.05).

At the knee joint there were no
findings of significant differences
between barefoot, SAFO or HAFO.

When compared to the barefoot
condition, at the ankle joint there
were significant differences with the
AFO and HAFO.

The HAFO produced more normal
dorsiflexion at the terminal stance
phase than the SAFO and more
excessive dorsiflexion during loading
phase than barefoot.

There were significant differences
when comparing no AFO (0.69 *
0.14), SAFO (0.96 + 0.22) and HAFO
(0.94 + 0.25) in the peak ankle
moments. There was a significant
difference in peak ankle moments
during the terminal stance phase
between barefoot (-1.30 + 6.59) and
SAFO (11.50 + 4.28) and barefoot
and HAFO (16.13 + 6.17). The mean
values were similar between both
AFO..
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Smith,
200970

2009

Non-
randomised
controlled
clinical trial
plus healthy
controls
(repeated
measures
design)

15 children
with  spastic
diplegic CcpP
(mean age: 7,5
+ 2,9 years) +

20  typically
developing
children
(mean age:
10,6 +2,8
years)

Spastic  diplegia
CP; Able to walk
independently
without an
assistive  device;
Jump gait pattern;
GMFCS level I; No
orthopaedic
surgery in the past
12 months; No
botulinum  toxin
injections in the
past 6 months;
Range of ankle
dorsiflexion to at
least neutral on
static physical
examination with
the knee
extended.

15

20

2,5 months
(barefoot

baseline +
4  weeks
with DAFO
or HAFO +
2 weeks
barefoot +
4 weeks
with DAFO
or HAFO)

DAFO and HAFO.

Barefoot (healthy
subjects control
group).

Gait analysis
data (Walking
speed; Cadence;
Stride  length;
range of motion;
joint moments;
Joints powers);

Functional skills
(GMFM scores).

Optoelectronic
system;

Force plates;

GMFM.

Significant improvements in gait
metrics were seen during brace
wear (P <0.05).

When compared with barefoot
condition, CP children wearing HAFO
and DAFO showed a significant
increase in stride length (0.98 %
0.05) and (1.01 + 0.05) and walking
speed (1.09 £ 0.6) and (1.11 £ 0.6).

When using HAFO or DAFO there
was a significant decrease in normal
cadence (P < 0.006) compared with
the children with CP in barefoot
condition.

When comparing gait cycles of
children with CP and healthy
children there was no significant
difference in terms of stride length,
walking speed or cadence.

At the ankle significant differences
between the HAFO or DAFO and the
barefoot condition were found
during the stance and swing phase
(P <0.05).

The knee peak flexion during swing
was significantly different between
de DAFO and barefoot condition (P <
0.05). Children with CP using HAFO
or DAFO had no significant effect on
hip ROM.

No significant differences were seen
between the two different braces
used (P < 0.05). The barefoot and
braced conditions differed most
significantly in terms of ankle
kinematics and kinetics (P < 0.05).
During the terminal stance of pre-
swing, the ankle moment was
significantly increased for both
DAFO (0.98 + 0.1) and HAFO (1.05 +
0.1) when compared to the barefoot
condition (0.80 £ 0.1).
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When compared to healthy children,
in the barefoot and AFO condition,
CP children presented a significant
increase in plantar flexor moment
during the initial contact (P<0.05).
No significant differences in ankle
powers were found between DAFO
and HAFO.

Zhao,
20137t

2013

Randomised
parallel
group
controlled
trial

70 boys and 42
girls with
spastic
diplegic cpP
(mean  age:
2,69 + 0.81
years)

Spastic  diplegic
CP; Between

1 and 4 years of
age; Ability to
walk
independently,
with or without an
assistive Device;
GMFCS levels I-Il;
Able to accept
and follow AFO
treatment
strategy; No
unstable seizures;
No orthopaedic
surgery for
spasticity  within
the preceding 6
months; No
botulinum  toxin
injections  within
the preceding 3
months; Without

any other
diseases that
interfered  with
physical activity,

and existence of
serious cognitive
disabilities.

56

56

5 to
weeks

Day AFO.
Night and Day
AFO.

Gait analysis
data (Passive
ankle
dorsiflexion
angle).

Sections D and E
of the 66-item
GMFM.

No evidence was found that the
prolonged wearing time with AFOs
leads to increased benefits (P <
0.05). The GMFM-66 improvement
in the day-night AFO-wearing group
was lower than in the day AFO-
wearing group rather than higher.
AFO day-night use was not more
effective than daytime use alone in
children with spastic diplegia at
GMFCS levels | to Il.

Abbreviations: AFO - Ankle Foot Orthoses; CP - Cerebral Palsy; DAFO - Dynamic Ankle Foot Orthoses; GRAFO - Ground Reaction Ankle Foot Orthoses; GMFCS - Gross Motor Function Classification System; GMFM - Gross
Motor Function Measure; HAFO - Hinged Ankle Foot Orthoses; ROM - Range of Motion; SAFO - Solid Ankle Foot Orthoses;
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The studies with fair to strong methodological quality were as follows: six studies
with 4-5/10, one study with 6/10 and three studies with 8/10 in the PEDro scale (Table
2). All articles specified their “eligibility criteria”, “follow-up”, “intention to treat” and
“statistical comparison”. The “blind distribution”, “blind subject”, “blind therapist” and
“blind assessor” were the items most often not verified. Three studies!>3%3! managed
to create blind assessment conditions, only 2 studies'>*° had “blind distribution” and
only one study3! had unknowing therapist. No studies had “blind subjects” as it is not
possible to use AFO without knowing it. Three studies343>3% did not have equal

circumstances at baseline (“similar prognosis”) for their groups as they used typically

developed children for control group.
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Table 4: Methodological quality for studies in the review

Article ID PEDro Score Total
Score
Eligibility Random Blind Similar Blind Blind Blind Intention to Statistical Point of
Criteria* Allocation Distribution Prognosis Subject Therapist Assessors o " treat Comparisons measure/
85% Follow- Measures of
up Variability
Bjornson, 200672 Yes Yes No Yes No Yes Yes Yes Yes Yes Yes 8/10
Bjornson, 201673 Yes Yes No Yes No No No Yes Yes Yes No 5/10
Buckon, 200474 Yes Yes No Yes No No No Yes Yes Yes Yes 6/10
Degelean, 20127° Yes No No No No No No Yes Yes Yes Yes 4/10
El-Kafy, 2014% Yes Yes Yes Yes No No Yes Yes Yes Yes Yes 8/10
Lam, 20057¢ Yes No No No No No No Yes Yes Yes Yes 4/10
Radtka, 19977% Yes No No Yes No No No Yes Yes Yes Yes 5/10
Radtka, 2005”7 Yes No No Yes No No No Yes Yes Yes Yes 5/10
Smith, 20097° Yes No No No No No No Yes Yes Yes Yes 4/10
Zhao, 20137* Yes Yes Yes Yes No No Yes Yes Yes Yes Yes 8/10
*This criterion is cited but not used to compute the total PEDro score.
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4.3.2.1. Characteristics of the Participants (Sagittal gait patterns)

Across all studies, there was a total of 347 participants (289 children with CP and
58 typically developing children3%3>38), Most studies included only children with spastic
bilateral CP (285). Despite this, one study®’ presented a heterogeneous population, with
4 children with spastic unilateral CP. However, as the results were presented separately,

we did not include them in this review.

Only a small percentage of the total of participants had their gait patterns
identified. Two studies referred to the sagittal gait patterns classification3%38, identifying

in total 18 participants with jump gait pattern, 5 true equinus and 3 crouch gait pattern.

4.3.2.2. Types of AFO

The majority of interventions were centred in the comparison of gait when using
ankle-foot orthosis and when walking barefoot'>33-37 or using conventional shoes313238,
The type of AFO is central on most studies®3%3338 put information about AFO
construction, design and materials, as well as overall lower limb alignment and footwear

are partially missing in every study.

We identified five different types of orthoses: 178 participants used Solid Ankle
Foot Orthoses (SAF0)3032-37 57 participants used Dynamic Ankle Foot Orthoses
(DAFO)31:3537.38 24 participants used Posterior Leaf Spring (PLS) 3334, 46 participants used
Hinged Ankle Foot Orthoses (HAFO)333638 and 19 participants used Ground Reaction
Ankle Foot Orthoses (GRAFO)*. We found that overall, studies had no clear and
consensual definition of the different types of AFO, and there was more than one
description and configuration for the same terminology. In some of the studies,
participants wore more than one type of orthoses3*3°738, and in other studies some

participants did not use any type of AFO®.

4.3.2.3. Type of Outcomes
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The main outcomes that were found were the following: spatial-temporal
parameters>333>-38  range of motion (RoM)333>738, ground reaction forces®, joint
moments333>3638 gnd joint power33353638  Secondarily some studies presented
functional parameters, isolated or correlated with the biomechanical analysis32. The

most frequently used tool was the Gross Motor Function Measure scale (GMFM)30-33,

Most articles do not directly relate the reported outcomes with changes of the
gait pattern in children with CP. Still, whenever possible, outcomes observed in the

sagittal plane were associated with changes in the gait pattern.

4.3.2.3.1. Spatial-temporal parameters

One study compared gait in children with CP barefoot at baseline and after 4
weeks of DAFO or HAFO wear and found significant differences (P<0.006) across all
measured spatial-temporal parameters (walking speed, stride length and cadence)32. In
studies that compared either children with CP wearing AFO with their typically
developed peers or children with CP wearing AFO and barefoot, it was shown that use
of AFO (regardless of the type) had a significant increase or an approximation to normal
reference parameters in walking speed!>38, step3?® and stride length!>333>-38 gnd a

significant decrease towards normal cadence®3337:38,

Nevertheless, there were studies that reported no significant differences for
walking speed333>37 nor significant differences for cadence333>36 jrrespective of AFO

type or study design.

4.3.2.3.2. Kinematic outcomes

The most often used kinematic parameter was RoM of the lower limb joints. For
instance, significant improvement towards dorsiflexion of the ankle at the initial contact,
and swing phase was observed333>-38 but, because the orthoses limit the plantarflexion,
there was a significant decrease in RoM of the push-off stage of the pre-swing phase.

Maximal dorsiflexion in stance phase improved significantly with the use of SAFQ333>3¢,
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It was also reported that the HAFO can produce excessive dorsiflexion during the stance

phase3®,

While the most significant changes when wearing AFO are in the ankle RoM, in
the knee RoM some differences were found, particularly in knee flexion on initial contact
when compared to barefoot condition>38, Also, children with CP wearing AFO showed
a significantly greater range of motion of the shank3®*. No significant difference at knee

RoM was found between the different types of AFO333>,

One study showed that children wearing DAFO were found to have a significantly
greater hip flexion at initial contact®®, but overall, most studies found no significant

changes at the hip joint, regardless the type of AFQ3336-38,

4.3.2.3.3. Kinetic outcomes

Only four studies reported kinetic parameters. One study reported that when
using a SAFO or DAFO there was a significant increase in the ground reaction force at
the push-off when compared with the barefoot condition in children with CP3°, An
increase in the maximum plantarflexion moment in the terminal stance (push-off) was
also reported, regardless of the type of AFO, with results similar to those of healthy
children333>3638 peak knee extensor moment in early stance was significantly increased

in the HAFO configuration compared with barefoot condition33.

Regarding joint power, no significant difference was found in any of the analysed
joints between barefoot condition and AFO condition333>38 However, it was also
reported that the peak of ankle power (that occurs at the push-off phase) when wearing
a HAFO was similar to the barefoot condition3® and between the configurations, the

SAFO decreased peak power generation in stance significantly more than the PLS33.

4.3.2.3.4. Functional Outcomes

To complement the biomechanical data, we were also interested in functional
outcomes that the CP children may have reported with the use of AFO. The GMFM was

the most often used tool, and studies showed it is responsive to change and can be used
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to evaluate the progress of a child while wearing AFO3°. Although some of the included
studies presented poor biomechanical data, they used this measure to evaluate the
progress of AFO use in the rehabilitation3%3133, Most of the studies showed that the
percentage scores for this scale were significantly higher when the patients wore the
AF03%32 with the exception of one study whereas the AFO use did not significantly
improve skills within the standing dimension of the GMFM33. The changes in some
dimensions and total score of GMFM were also significantly higher for independent

walkers compared to children with CP using assistive devices while wearing DAFO3Z,

4 4. Discussion

The main focus of this review was to assess the effects of AFO on gait in children
with spastic bilateral CP, with particular attention to effects on different sagittal gait
patterns. Identifying the gait type is useful in guiding orthotic options®® and its use,
coupled with the three-dimensional gait analysis, has been helpful in the clinical
decision-making process. As a result, we have selected sagittal gait pattern
classification! to help gather and systematize information. However, very few studies
referred to such classification, making it difficult to summarize the data in the way

planned in the protocol.

Fundamentally, clinical gait analysis for children with bilateral CP is very complex
since bilateral impairment of the lower limbs is often met with different sagittal gait

patterns in each limb, sometimes even overlapping, due to multiple gait abnormalities.

The lack of gait pattern classification makes it more difficult to determine the
mechanical and functional AFO characteristics needed to improve the different gait
phases and overall performance. Two studies3%38 did use the sagittal gait patterns!! to
identify and categorize clinical subsets, although only one3® provided the participants

with the type of AFO indicated in the classification.

The appropriate AFO prescription is a practice that requires the clinician to
perform a thorough physical examination and observational gait analysis, regardless of
the age or Gross Motor Function Classification System (GMFCS) level of the child with
CP?. Although consistent guidelines are lacking in this field*!, when applying an AFO,
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the aim is to correct and stabilize the biomechanical alignment of the foot and ankle,
prevent the appearance or worsening of a musculoskeletal deformity, maintain the

outcome of a surgical procedure, and ultimately improve gait*3.

The rationale behind the selection of each AFO and its prescription is missing in
most studies. One study used the GMFCS to select the AFO to be used3?; one study used
the AFO already owned by the children with CP but without describing criteria3?; two
used the results of similar studies made previously33¢: one study made their own
recommendations after a clinical and biomechanical assessment3’; and three studies did

not declare the criteria followed3%3%37,

Nevertheless, results suggest that overall, AFO use may impact positively the gait
of children with spastic bilateral CP. Spatial-temporal parameters, such as walking speed

34-37

and stride length, revel an approximation to normal reference , suggesting a better

gait efficiency and probably less energy expenditure3.

Overall, children with CP wearing any type of AFO presented significant
differences in the range of motion of the ankle, when compared to the barefoot
condition. Regardless of the AFO type, its use appears to reduce pathological
plantarflexion, common in several of the bilateral CP gait patterns3>. However, some
types of orthoses (DAFO, SAFO and GRAFQ) are particularly more effective in controlling
tibial progression and consequently promote knee extension during stance3?. This can
impact and modify the crouch gait pattern of CP children, approximating it to that of

healthy subjects.

In children with spastic bilateral CP, there were significant increases in ground-
reaction force and joint moments at push-off, while wearing different AFO. This
demonstrates that up to 5 degrees of dorsiflexion of the ankle inside the AFO, is more
advantageous and induces an optimal muscle length on the calf muscles, approximating

the plantar flexion moment to that of normal values3>%7.

Of the ten studies included in this review, only three focused on functional gains,
and only one of the studies presented both biomechanical and functional data. There is

a wide variety of variables and outcomes within this area of rehabilitation studies which
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makes difficult the comparison between studies and consequently to access the

effectiveness between AFO.

4.4.1. Methodological considerations of this review

We identified methodological limitations that are common in this type of study.
Due to our eligibility criteria, the number of articles included was lower than other
similar reviews. Of the 10 studies included, there was no common primary outcome
between them. Although biomechanical and/or functional outcomes were found in all
studies, the study designs are vastly heterogeneous (different samples sizes, wide range
of age of participants, typically develop children control group versus children with CP
barefoot control group; one-day studies versus 12 months follow up). This limits our
ability to compare results due to the wider confidence intervals and a lower precision of
the outcome measurements®?. The point of statistical significance may be misleading,

and this analysis may be leaving out some rehabilitation issues.

In CP research, CCT compares changes between groups to evaluate the efficacy
of any treatment, but usually they lack reliable measures to detect changes that occur,
and which may be important from a clinical point of view®3. In evidence-based medicine
the RCT is the highest level of evidence to be provided** and is the design of choice when
comparing two or more healthcare interventions?>*4, However, randomization may
sometimes be affected by the number of participants, number of comparison groups,
duration of the protocol and the overall study design, when studying AFO intervention.
This may be a challenge because of differing clinical gait presentations and AFO
requirements, thus we found that CCT are the more common for this population. The
concealment of the allocation from parents and health care teams is a problem that

practically limits this type of research#>4,

Most studies included in this review were long-term follow-up studies!>3%:32,33,36-

38 investigating the effects of the AFO for more than four weeks*’. Studies with longer
follow-up periods have also accounted for two weeks of rest between different
orthosis3®3’. This is relevant as there were trials with a crossover design, where more
than one type of orthosis was tested on the same day, raising concerns about the issue
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of carry-over effect between the different orthosis3'*2. We suggest that future studies

account for a proper wash-out period between trials*.

Few authors advocate an acclimatization period to ensure that the gait pattern
is completely adapted to the altered ankle function as induced by the prescribed AFO
which may have impacted the results of their study.*®. Three studies allowed the
children to wear the AFO one to three months prior to the first gait assessment so that
the participants could gradually adapt to wearing them for the entire test day3*36-38, |n
two studies, children were already wearing their currently prescribed AFO3%34, Only one
study reported the number of hours per/day/week that the subjects wore their AFO, but

in all others that information was missing?®.

There are a wide variety of AFOs used in clinical practice, which are characterised
by their design, the material used and the stiffness of that material'*. We've
encountered at least five different types of AFO, but their definition was not always
clear. The lack of nomenclature standardization also makes communication between

researchers difficult®C.

Only one study used a prefabricated standard AFO3? and in the remaining
custom-made AFO were assigned for each participant!>303335-38 Recent studies suggest
that the initial outcomes are the immediate biomechanical response to the effect to the
physical constraint imposed by the standard AFO, particularly the AFO stiffness'®*°. On
the other hand, custom-made AFO can be optimized, with fine adjustments to its design
and/or to the footwear prescription, in order to focus on optimal stiffness and increase

its effects on gait patterni#°1,

Even though an AFO is a frequently-prescribed intervention for children with CP,
rigorous evidence of their efficacy is limited®?, mainly because of the heterogeneity of
outcome measures among researchers, which limits comparison between studies®3.
Although previous reviews have reported similar results and identified some of the
limitations described above, still none has not reported consistent guidelines for future
studies'®?1724  Particularly the absence of information about the clinical reasoning
behind the AFO prescription, the selection of AFO design and construction, materials
(including stiffness and thickness), AFO/footwear combinations, tuning and

acclimatization periods, makes it difficult to compare results within studies®>>>*. For
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instance, Kerkum et al.*’ reported that ankle ROM was significantly less reduced by both
stiff and flexible spring-hinged AFO, and there was also a reduction of the ankle power
when using a more rigid AFO. In this study, the authors used an instrument to measure
the mechanical properties of the AFO and reported all the parametrization that was
used for the AFO design. The differences found in gait kinematics and kinetics due to the
stiffness of the AFO are only possible to compare with studies that also report the
mechanical characteristics of the AFO and that seems to be one of the greatest flaws in

research regarding this topic®

Generically, the gait analysis protocols are not standard and have systematics
errors related to extrinsic and intrinsic factors®>. Regarding the use of 3D gait analysis in
children with CP, several reliability studies identified that in the barefoot condition,
kinematic and kinetic variables present with deviation between sessions due to number
of gait trials®®, biomechanical models and marker setup>’ or gait patterns and affected
sides®®>, In turn, many studies report difficulties in 3D motion analyses when children
with CP are wearing an AFO (especially when modeling ankle kinematics). While
assessing the gait of children with CP wearing AFO, the marker setup usually sits on the
surface of the AFO and shoe, making the assumption that they are the same rigid
segment®, This may cause the interaction shank/ankle/AFO to present with some
deviations. Ries et al.'® attempted to minimize the influence of the AFO on shank and
ankle kinematics, by placing technical markers in a way that they were not to be covered
or moved when the AFO was worn. By measuring the angle between the plantar surface
of the shoe and the tibia, this study presented an alternative of measuring the true ankle

position or the true neutral angle of the AFO.

Even thought, some methodological limitations are well reported, studies
involving 3D gait analysis with the use of AFO should implement processes to minimize
the error associated with their protocols, and state what measures they have to assure

that the outcomes of their research singles out the AFO effect.

It is also important to use tools like International Classification of Functioning,
Disability and Health (ICF) to standardize the report of results within the health-related

domains®®. Currently, there are specific ICF Core sets for CP patients, therefore future
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studies should summarize the outcomes in this framework and create a common

language across healthcare professionals®?.

Overall, we considered there is need to standardize the AFO research, which can
optimize the biomechanical properties and simplify future studies, making it possible to

replicate results and provide better options for children with CP and their families°.

4.5. Conclusions

In this review, we found that AFO use seem to have an immediate and a long-
term effect in improving the sagittal gait patterns in children with spastic bilateral CP.
However most studies included heterogeneous groups, with different gait patterns and
there were different approaches to the use of AFO. There is a need for future studies to

invest in higher methodological quality protocols.

We propose a creation a standardized protocol for future studies involving AFO
and children with CP. There is a need to develop consistent AFO prescription algorithms
that are designed specifically for each gait pattern. It should also include information
about periods for AFO acclimatization and the need for fine tuning, appropriate follow-
up periods to ensure full effect of AFO, appropriate wash-out periods, report on hours
per day of AFO usage, and AFO design, materials and construction. This would facilitate
the report and replication of new scientific data and help clinicians use their clinical

reasoning skills to recommend the best AFO for their patients.

The rationale for these options needs to be more objective and evidence-based
which in the future may represent both improved assessment tools as well as a more

effective therapeutic intervention.
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Abstract: Cerebral palsy (CP) is a common cause of motor disability, and
pedobarography is a useful, non-invasive, portable, and accessible tool; is easy to use in
a clinical setting; and can provide plenty of information about foot—soil interaction and
gait deviations. The reliability of this method in children with CP is lacking. The aim of
this study is to investigate test-retest reliability and minimal detectable change (MDC)
of plantar pressure insole variables in children with CP. Eight children performed two
trials 8 + 2.5 days apart, using foot insoles to collect plantar pressure data. Whole and
segmented foot measurements were analyzed using intraclass correlation coefficients
(ICC). The variability of the data was measured by calculating the standard error of
measurement (SEM) and the MDC/ICC values demonstrated high test—retest reliability
for most variables, ranging from good to excellent (ICC > 0.60). The SEM and the MDC
values were considered low for the different variables. The variability observed between

sessions may be attributed to the heterogeneous sub-diagnosis of CP.

Keywords: plantar pressure; cerebral palsy; gait analysis; reliability; insoles

5.1. Introduction

Cerebral palsy (CP) is the most common cause of motor disability in children3,
CP is a complex pathology that describes a group of impairments and motor disorders,
which are permanent but not immutable, resulting from a nonprogressive cerebral

disorder® with different presentations and functional levels®.

CP presents both positive features such as spasticity, hyper-reflexia, and co-
contraction, and negative features including weakness, difficulties in motor control, and
sensory and balance impairments®. The lack of control is obvious at the lower limb joints,
especially the ankle joint. These alterations are the main cause of limb contractures,

musculoskeletal deformity, and gait deviations’.

Foot deformities, along with hip displacement, are the most common
musculoskeletal occurrences in CP. Among the most common foot deformities in this
population are equinus, planovalgus, and equinovarus, which can vary from very mild
and flexible to severe and rigid®. These deformities, which cause the foot to abnormally

lay on the ground, can significantly impair function and quality of life; however, very few
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studies have systematically investigated the foot morphology and the ground—foot

interaction during the stance phase in this population’.

Instrumented clinical gait analysis has been an excellent tool for planning
intervention and assessing outcomes in the rehabilitation process of children with CP2,
Though the gold standard for gait analysis in children with CP would be a quantitative
three-dimensional analysis of movement and respective articular moments and power
(kinematics and kinetics), possibly alongside muscle activation (electromyography) and
oxygen consumption?, it is not always possible to conduct such an assessment in a
clinical setting. More accessible and portable methods have been recently used such as

inertial sensors'®!! and plantar pressure recording devices”1>7%>.

Under this aspect, dynamic pedobarography is a relatively simple, portable, and
non-invasive technology that measures the change in plantar pressure distribution
throughout the stance phase of gait'®. It is an easy method to use in a clinical setting;
can provide plenty of information about foot—soil interaction; and, alongside other gait
analysis methods, can help assess the impact of a medical intervention, a rehabilitation
program, or the effects of an orthotic device. Several studies tested its reliability'®” for
both healthy adult and children, but none have assessed subjects with CP. The few
existing clinical studies in participants with CP use mainly plantar pressure

mats/platforms instead of insoles” 2715,

In the past years, several studies have tried to produce normative age-dependent
gait databases®2°, which are fundamental to assess and compare with pathologic
situations. In fact, more evidence is now surfacing about the foot characteristics of
typically developed children. Foot pressure changes dramatically throughout the life
cycle, especially in the early years (up to 6 years old). The evidence shows that, while
younger typically developing children present with a flatfoot pattern, older children tend
to develop a more curvilinear pattern!®. Moreover, older children show greater values

in the main plantar pressure variables when compared with younger children?°.

Even fewer studies have included plantar pressure measurements in children
with CP. There has been no attempt to create any kind of database, which is
fundamental to assess and compare the natural progression of the condition and the

results of medical and therapeutic interventions. Nevertheless, data collected across the

65
FMH | UL



existing studies show that there is a variability in foot pressure distribution depending
on spasticity overall, there is an increase in pressure towards the toes and forefoot as

well as a significant reduction towards the heel”42%,

Reports of plantar pressure data in the literature are highly heterogeneous. One
of the challenges of standardizing this tool is that there are multiple footprint
segmentation models®®. There is still no consensus about which foot model may provide
the most detailed information, without losing the functional aspects of the foot!>. Most
authors propose an anatomical/functional segmentation, corresponding to the foot
joint positions, which ranges from as few as 3 to as many as 12 subdivisions of the
footprint (the most often used are the hind-foot, mid-foot (medial and lateral), forefoot

(medial and lateral), and toes (toes 2—5 and the first toe)”13-1>17-19,21-24,

The absence of systematized evidence regarding the reliability of foot pressure
insoles on this specific population and the need to assess the dimension of error
measurement with this tool calls for further investigation. In so, the aim of this study is
to investigate test—retest reliability and minimal detectable change of plantar pressure

insoles in a sample of children with CP when walking in regular footwear.

5.2. Materials and Methods

5.2.1. Design

Prospective intra-rater test—retest reliability and minimal detectable change

study.

5.2.2. Participants Selection

A convenience sample of 10 children with cerebral palsy was selected from a
Portuguese rehabilitation center to participate in this study. The selected participants
followed the eligibility criteria: male or female children between 4 and 12 years of age,
foot length ranging from 15 to 20 cm (because of equipment constraints), with a clinical

diagnosis of bilateral (lower limb predominance) or unilateral cerebral palsy, grades |
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and Il on the Gross Motor Function Classification System (GMFCS)?>, able to walk
independently for 5 m without walking aids, and able to comprehend and comply with
simple instructions. Children should also have not been subjected to orthopedic surgery
or botulinum toxin treatment in the previous 6 months. The protocol was approved and
executed in accordance with the Faculty of Human Kinetics Ethics Committee (CEFMH-
2/2019). All procedures were previously explained to both the child and the legal
guardian, an informed consent form was filled and signed by the legal guardian, and

verbal consent was given by the child.

5.2.3. Data Collection Protocol

Data collection was performed on two different days within a period of 7 to 14
days (8 £ 2.5 days) to minimize the assessor memory bias and to prevent a change in the
children’s gait pattern or clinical condition. Clinical history and a brief physical exam
(mass, height, lower limb posture, selective motor control tests, gastrocnemius length,

and spasticity)® were conducted in the first session.

Children wore the foot insoles Pedar-X system® (Novel, Munich, Germany),
inside their usual footwear (adequate to their feet size) and no socks. The children wore
the same pair of shoes for both trials. The batteries and the wireless transmitter were
strapped or placed inside a backpack on the child’s back. A schematic picture and a
photograph illustrate the experimental setup used (Figure 1). The insoles were
calibrated using the Pedar X Standard (v 25.3.6, Novel, Munich, Germany) protocol
(before the beginning of each trial, the participant was asked to lift one foot at a time
off the ground for approximately 15 s). Data were sampled at 100 Hz. Children were
instructed to walk back and forth, along a 5 m line drawn on a smooth and regular floor,
unassisted and at a self-selected speed, without running. A chair was placed at either
end of the walkway, in case the participants needed to stop. Data collection stopped

after 2 min if the children achieved a minimum of 15 steps with each lower limb.

5.2.4. Data Processing
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Data were extracted and processed using the Novel Multiprojects-e (v 24.3.34,
Novel, Munich, Germany), which enabled the creation of a database and processing of
each participant’s individual footprint. Each data set was reviewed and amiss footprints
and directional changes were wiped out of the original records. The average of the
selected variables (force—time integral, pressure—time integral, maximum force, peak
pressure, contact area, and contact time) was automatically calculated by the software
for the whole foot. A mask then divided the foot into three regions (hindfoot, middle
foot, and forefoot), according to the length of the foot (0 to 30%, 30 to 60%, and 60 to
100% of total length, respectively), as shown in Figure 2. These masks were applied
automatically by the software, and average scores were calculated for each variable and
zone. The software also produced 3D plantar pressure maps for each participant,

allowing a visual comparison of the first and second trial (Figure 3).

5.2.5. Statistical Analysis

Statistical analysis to assess the test—retest reliability of plantar pressure data
was carried out using the methodology described by Koo and Li (2015)2¢, similar to the

methods used by Fernandes et al. (2015)%” and Ricardo et al. (2021)28 in their works.

Intraclass correlation coefficients (ICCs) considering the two-way mixed model
with absolute agreement and accounting for the mean of multiple measurements were
calculated for all variables and masks, and a critical level of p < 0.05 was considered
significant. The ICC statistical analysis was performed using SPSS (version 28.0.0; IBM,
Chicago, IL, USA), using the following formula:

MSy — MSg

MS; — MS,
n

ICC =

MSg +

where MSg represents the mean square between lower limbs; MSe represents
the mean square for error; MSc represents the mean square within lower limbs,
concerning the selected pedobariografic variables; and n is the total number of lower
limbs assessed (two lower limbs for each of the eight participants).The level of
agreement was considered poor, fair, good, and excellent when /CC < 0.40, 0.40 < ICC<

0.60, 0.60 < ICC < 0.75, and 0.75 < ICC < 1.00, respectively?®. Calculations also included
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the mean difference between measurements (Meangix), the 95% Cl for the Meangiss, the
standard deviation of the differences (SDaif), and the 95% Bland and Altman limits of
agreement (95% LOA).

The absolute measure of reliability standard error of measurement (SEM) was

calculated using the following equation:

V2

where SDgjf represents the standard deviation of the difference.

SEM =

To determine the smallest amount of change that must be achieved to reflect a
true change, outside the error of the tests, the minimal detectable change (MDC) was

calculated using the following equation:

MDC = 1.96 -2 - SEM

The SEM and MDC were calculated using Microsoft Excel 2013 (Microsoft
Corporation, Redmond, WA, USA).

5.3. Results

The participants of the study were a convenience sampling of ten children with
CP (nine spastic unilateral, one spastic bilateral; four females, six males; age 57.9 + 13.4
months; height 110.4 + 7.6 cm; mass 18.1 + 2.4 kg) (Table 1), two of which dropped out
of the study as they could not complete the trials in the same time frame as the other
participants (one because of Covid-19 prophylactic quarantine and the other because of
loss of contact). Data from each limb were processed separately (N = 16), because of the
heterogeneous physical presentation of unilateral CP that composed most of the

selected sample. On average, we assessed 75.8 £ 27.9 steps on each trial.
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Table 5: Participants’ characteristics.

Gastrocnemius

Interval Spasticity Foot Number of
A sagittal Gait e Steps (A
Participa |Gende ge . . | Affecte| GMFCS |betweenMass| Heigh agitta 16?:0 (Modified Length eps (Average
(Month | Diagnosis . 107 R Pattern®® from Both Status
nt r 5) d Side |Level Trials | (kg) |t (cm) Ashworth (cm) Trials)
(Days) Scale)!'?
Right Left Right Left |Right|Left| Right| Left

001 |Male| 54 U""g;era' Right | | 14 |16.5| 105 | Drop Foot . 1 0o |15|16| 70 | 70 CortT:i';'Eted
002 |Mmale| 65 |Uniateral gy 9 |20/ 118 ; True 0 4 |19 [17] 52 | s9 |Completed

CcpP Equinus trials
003 |[Female| 41 U”"é‘;era' Right | Il 7 | 19 | 105 [True Equinug - 1+ 0 |16 |17| 55 | 52 Co't“ripa'lited
004 |[Female] 56 |BilateralCP| Both | I 7 | 18 | 110 | APParent | Apparent |, 1 |17 |17] s5 | 55 |Completed

Equinus Equinus trials
005 |Female| 65 U""Ca;era' Right | 1 7 |204| 120 TrueEquinug - 1 0 | 20|19] 64 | 65 C°Tri‘;'leste‘j
006 |Male | a5 |Uniateral | g | - |13 97 ; True 0 1 |15 |15 Dropped

CcpP Equinus out

Unilateral . . Dropped

007 Male 41 cp Right | - 16 | 103 [True Equinus| - 1 0 15 | 16 out
008 | Male | 74 U”"é’;era' Right | |1 7 |20.5| 115 [True Equinug - 1 0o |202]| 75 | 74 CO'EIF;'I‘?“
009 | Male| 80 U”"é';era' Right | 1 6 [20.1] 115 [True Equinug - 1+ 0 |19 |19] 122 | 120 C°Tﬂ’;'ited
010 |Femalel ss | UMhaterall gl 7 | 17 | 116 [FAUnusAum 2 0 |16 |18| 112 | 119 |ComPpleted

CcP p Knee trials

5.3.1. Reliability of Whole Foot Measurements

As shown in Table 6, all selected variables calculated for the whole footprint showed an excellent ICC (ICC > 0.75), except for the contact

time variable (ICC = 0.36, 95% CI 0 to 0.784). The SEM and MDC values were within an acceptable range for each of the variables.
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Table 6: Reliability values for pedobarography measurements (whole foot).

Pedobarograpy Measurements ICC ICC95% ClI Mean Mean Diff SD Diff 95% LOA SEM MDC
Force—time integral (N-) 0.76 (0.30; 0.92) 73.72 -2.08 18.57 (-38.47; 34.31) 13.13 36.39
Pressure—time integral (kPa-s) 0.89 (0.70; 0.96) 55.40 0.63 10.04 (-19.05; 20.31) 7.10 19.68
Maximum force (N) 0.79 (0.42; 0.93) 161.30 -7.61 25.00 (-56.61; 41.40) 17.68 49.00

Peak pressure (kPa) 0.81 (0.47; 0.93) 136.45 6.84 27.48 (-47.01; 60.70) 19.43 53.85
Contact area (cm?) 0.83 (0.53; 0.94) 56.80 -3.69 8.15 (-19.66; 12.27) 5.76 15.97
Contact time (ms) 0.37 (0; 0.78) 669.93 4.29 137.30 (-264.81; 273.40) 97.08 269.11

5.3.2. Reliability of Segmented Foot Measurements

Overall ICC values for the segmented foot measurements fit in the good to excellent range (ICC values 2 0.60), except for peak pressure

(ICC=0.439,95% Cl 0 to 0.807) and contact time (ICC = 0.552, 95% CI 0 to 0.845) at the forefoot (Table 7). The SEM and MDC values were within

an acceptable range for each of the variables.
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5.4. Discussion

The main objective of the current study was to assess the intersession and intra-rater reliability of plantar pressure variables when using
pressure foot insoles and, to the best of the authors’ knowledge, it is the first study to do so. Plantar-pressure-related data for children with CP
are still scarce in published evidence. Alongside other gait analysis tools, pedobarographic measurements are useful in assessing pre- and post-

surgical outcomes, treatment with botulinum toxin, and orthotic management, as they provide important information about foot pressure

FMH | UL

Table 7: Reliability values for pedobarography measurements (three zones of the segmented foot).

Pedobarograpy Measurements ICC 1CC 95% CI Mean |Mean Diff| SD Diff 95% LOA SEM MDC
Force—time integral (N-s) 0.83 (0.51; 0.94) 17.44 -1.43 11.35 |(-23.67;20.82)| 8.02 22.24
Pressure—time integral (kPa-s) 0.97 (0.92; 0.99) 21.41 0.62 12.01 |(-22.93;24.16)| 8.49 23.54
§ Maximum force (N) 0.92 (0.77; 0.97) 70.50 -6.38 28.65 |(-62.53;49.77)| 20.26 | 56.15
5 Peak pressure (kPa) 0.88 (0.65;0.96) | 78.56 | -3.84 | 18.48 |(-40.06;32.37)| 13.07 | 36.22
T Contact area (cm?) 0.91 (0.75; 0.97) 13.68 -1.76 6.19 |(-13.89;10.36)| 4.38 12.13
Contact time (ms) 0.86 (0.62; 0.95) 365.79 | 38.16 | 272.29 (;3582?' 192.54 | 533.69
Force—time integral (N-s) 0.91 (0.75; 0.97) 15.32 0.52 3.14 (-5.63; 6.67) 2.22 6.15
= Pressure—time integral (kPa-s) 0.97 (0.92; 0.99) 30.19 0.91 5.95 ((-10.75;12.57)| 4.21 11.66
k) Maximum force (N) 0.91 (0.74;097) | 4792 | -2.32 7.84 |(-17.69;13.05)| 554 | 1537
% Peak pressure (kPa) 0.97 (0.92; 0.99) 74.89 1.19 8.31 |[(-15.09;17.47)| 5.87 16.28
?§ Contact area (cm?) 0.98 (0.94;099) | 16.54 | -0.34 207 | (-439;3.72) | 146 | 4.06
Contact time (ms) 0.73 (0.25; 0.90) 621.32 9.79 118.82 (2312363? 84.02 | 232.88
Force—time integral (N-s) 0.73 (0.25; 0.90) 40.95 -1.18 11.14 |(-23.02; 20.66)| 7.88 21.84
Pressure—time integral (kPa-s) 0.97 (0.92; 0.99) 42.35 1.53 7.30 |[(-12.77;15.83)| 5.16 14.30
8 Maximum force (N) 0.73 (0.26;0.90) | 123.44| -593 | 23.40 [(-51.80;39.95)| 16.55 | 45.87
] Peak pressure (kPa) 0.44 (0; 0.81) 124.59 8.68 28.00 |(-46.19;63.55)| 19.80 | 54.87
e Contact area (cm?) 0.68 (0.07; 0.89) 25.59 -3.57 7.21 |((-17.70;10.55)| 5.10 14.12
Contact time (ms) 0.55 (0; 0.85) 578.39 22.66 194.57 (:13()’)51’180;()), 137.58 | 381.36




distribution, postural control, center of pressure (COP) displacement, and the foot—soil
interaction. Nonetheless, if this type of data is to be used for assessing clinical or
therapeutic interventions, it is of high importance to establish reliability levels for this

specific method and population?2.

The reliability of foot pressure platforms or mats for typically developing children
and healthy adults has been previously established by Cousins et al. (2012)33, Hafer et
al. (2013)%, and Niller et al. (2016)*’. Other similar studies assessed likewise reliability
for both typically developing children and children with CP, also using a plantar pressure
mat!434, However, the use of plantar pressure foot insoles presents with different
benefits, such as the possibility of their use inside shoes or orthotic devices recording a

higher number of gait cycles, as well as overall being easier to use with smaller children.

Our results show high reliability (ICC > 0.60) for 21 of the 24 parameters that
were tested. Still, three of the outcome measures for whole foot and forefoot showed
lower values (whole foot contact time variable and peak pressure and contact time

variables at the forefoot).

The number of participants included in this study was small, but similar to other
researches'*?3, However, because of the heterogeneity of children with CP, we opted to
conduct a separate analysis of right and left feet. This increases the total sample to
sixteen (feet). Post-hoc power analysis with a = 0.05 revealed good power (20.90) for
most variables, except for the three variables mentioned above. Post-hoc statistical
analysis was carried out using R software (version 4.1.3., R Core Team 2022)*® and the

“ICC.Sample.Size” package (version 1.0.)3.

The poor reliability results for the contact time variable (whole foot and forefoot
region) may be explained by the heterogeneous gait pattern with which the participants
presented. Most of our sample were children with unilateral CP, who present with a
slower pace and abnormal weight shift between the affect side and less affected size.
As a separate limb analysis was conducted, the diminished weight shift to the more
affected side may have led to an increased contact time on the opposite side, and thus
the contact time variable registered a wider range of values. Moreover, although we

asked the children to walk at a self-selected comfortable pace, their pace varied.
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The lower ICC values obtained from the forefoot peak pressure can be attributed
to the slight discrepancy between the total foot length and the length of the available
insole. Foot length across our sample ranges from 15 cm to 20 cm, but the same pair of
20 cm insoles was used throughout the investigation. This means that the fit was not
always perfect, leaving vacant pressure cells at the top of the insoles, which can reflect
in the forefoot values. Moreover, the total weight of the equipment was 0.5 kg, which
may impact the trials of some of the smaller children and those with greater locomotion

difficulties and gait deviations.

The SEM and MDC values were determined to quantify the amount of error
associated with each variable in this population. Even though the SEM and MDC values
for each variable showed a clinically acceptable level of error?, they were transformed

into a percentage for comparison purposes:

SEM

SEM% = ———- 100
Mean

And

MDC

MDC% = ——-100
Mean

Please refer to Ayan-pérez, C. and Bouzas-rico, S. (2019)3” for more information.
For reference purposes, MDC% scores >30% were considered poor, from 10 to 30% were
considered acceptable, and <10% were considered excellent®. The obtained values for
MDC% were all considered to be poor, except for the contact area variable for the whole
foot and peak pressure and contact area for the midfoot, which were within the

acceptable range. These results are equivalent to other similar studies3’-3°,

Various foot segmentation models have been reported in recent
literature”13:24141517-1921-23 = Complex masking usually involves anatomical and
functional segmentation, including external references (for example, retroreflective
markers and an optoelectronic system) that were not available for this specific study.
Smaller areas of division may provide with less detailed information, and they are also
more error-pronel’. A three identical part division masking was selected for this study,
similar to that of Galli et al. 7, allowing to differentiate force, pressure, and spatio-

temporal values between the hind-foot, midfoot, and forefoot. Knowing that most
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participants presented an equinus gait pattern, we expected altered values in these

three areas, and that division allowed the retrieval of more specific data.

The absence of previous reliability studies with this population and method
precludes comparisons with similar SEM and MDC data. These preliminary results could
prove useful to determine clinical changes in foot pressure and understand how those
changes differentiate from the error of measurement. This is particularly important in
studies where we have a pre- and post-assessment of the participant to see the effect
of an intervention process. If the post results are superior to the reported error of the
measurement, we can be confident in stating that there was a significant effect caused

by the intervention.
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5.5. Conclusions

This study is the first that establishes plantar pressure insoles as a reliable tool
for measuring different gait-related variables in children with CP. The results indicate a
good reliability for most variables, except for whole foot contact time and peak pressure
and contact time at the forefoot. These lower values observed may be attributed to the
heterogeneous gait pattern of children with CP and the above-mentioned equipment

limitations of the study.
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Abstract: Background: Cerebral Palsy (CP) is the most common cause of motor disability
in children, often leading to different musculoskeletal abnormalities, including foot
deformities. Ankle-foot orthoses (AFQO) are commonly prescribed to minimize abnormal
foot posture and to minimize the impact of spasticity on daily function. Dynamic
pedobarography may provide new data to better assess the changes in plantar pressure
distribution throughout the stance phase of gait in children with CP. Methods: Nine
children with CP walked wearing plantar pressure insoles inside their orthoses and
regular footwear. Mean values and standard deviation were calculated for each variable
in a total and a segmented foot analysis. Clusters based on clinical distribution of
spasticity, gait pattern and type of orthoses were created to allow for further analysis.
Results: Overall data was consistent across all participants and clusters. The use of AFO
did not significantly impact any of the mean values for the variables in study, when
referencing to the means of the same variables in children with CP walking in regular
footwear. The cluster analysis revealed increased pedobarography values in Unilateral
CP, Apparent Equinus gait pattern and Dynamic AFO sub-groups. In the segmented foot
analysis, all variables increased from heel to the fore foot. Conclusions: The use of AFO
in children with CP produce positive changes in plantar pressure measurements,

approximating them to the reference percentiles of typically developing children.

Keywords: Plantar pressure; Cerebral Palsy; orthoses; gait analysis; insoles;

6.1. Introduction

Cerebral Palsy (CP) is the most common cause of motor disability in children=3,
CP is a complex pathology that describes a group of impairments and motor disorders,
that are permanent but not immutable resulting from a nonprogressive cerebral
disorder* with different presentations and functional levels®. CP presents both positive
features such as spasticity, hyper-reflexia and co-contraction, and negative features
including weakness, difficulties in motor control, sensory and balance impairments®. The

lack of control is obvious at the lower limb joints, especially the ankle joint. These
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alterations are the main cause of limb contractures, musculoskeletal deformity and gait

deviations’.

Foot deformities, along with hip displacement, are the most common
musculoskeletal occurrences. Amongst the most common foot deformities in this
population there are equinus, planovalgus and equinovarus, that can vary from very
mild and flexible to severe and rigid®. These deformities, that cause the foot to
abnormally lay on the ground, can significantly impair function and quality of life.
However, very few studies have systematically investigated the ground-foot interaction

during the stance phase in this population’.

Gait patterns, for both unilateral and bilateral CP have been thoroughly
described by Rodda and Graham (2001)° and Rodda, Graham, Carson, Galea and Wolfe,
(2004)19, respectively. Each gait pattern has its own unique characteristics. For example,
in the true equinus gait pattern, we can assert that initial contact of the foot is usually
performed with the forefoot, and therefore it is expected for this region to display
increased pressure and longer contact time. Heel contact occurs in late stance or does
not occur at all. In apparent equinus, and although the ankle usually presents with a
normal range of motion, the knee and hip are excessively flexed throughout stance. This
means that initial contact may also be anterior, but the foot will lay flat on the ground
in an earlier phase of stance, and probably displaying larger contact areas than the

equinus gait pattern.

Optimizing the gait pattern of children with cerebral palsy is a primordial goal in
rehabilitation. As we have seen before, there are countless interventions that aim to
improve selective motor control and muscle coordination, strength and endurance,
biomechanical alignment and overall gait efficiency!'.One of the most prescribed
interventions is the use of ankle foot orthoses (AFO). Ankle foot orthoses’ main goal is
to improve the gait pattern by controlling and positioning the ankle and the foot, during
the different phases of the gait cycle. AFO increase stability of the lower limb, amending
for muscle weakness and biomechanical misalignment. They can work either by
restricting excessive ankle plantarflexion, improving valgus/varus of the foot, and
sometimes aiming to influence the positioning of the knee, by allowing a better knee
extension during stance!?. They have demonstrated positive effects in multiple
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parameters, like gait speed, step length, knee and ankle joint range or energy

expenditure!®13,

These orthoses may come in a multitude of materials, configurations and may be
pre-made or customized according to the identified issues'>'418 Among the most used
there are the dynamic ankle-foot orthoses (DAFO) that encompasses the posterior
region of the leg, ankle and foot, manufactured from a malleable plastic, which restricts
both ankle plantarflexion and dorsiflexion, and allows mediolateral stabilization.
Another example is the bimaleolar ankle-foot orthoses (BAFO), a shorter version that
only reaches the malleoli and allows plantarflexion and dorsiflexion, but provides

additional support and heel stabilization.

Instrumented clinical gait analysis has been an excellent tool for planning
intervention and assessing outcomes in the rehabilitation process of children with CP%2,
Thought the gold standard for gait analysis in children with CP would be a quantitative
three-dimensional analysis of movement and respective articular moments and powers
(kinematics and kinetics), it is not always possible to conduct such assessment in a
clinical setting!®?°. More accessible and portable methods such as plantar pressure
recording devices have been recently used”?1~24. Dynamic pedobarography is a relatively
simple, portable and non-invasive technology that measures plantar pressure
distribution and force throughout the stance phase of gait®>?®. It also can provide
information about contact time and contact area, as well as data that can give us insight
about the influence of high and lower pressures for a short or longer duration of time

(with the use of parameters like force-time integral and pressure-time integral)?®%’.

A few studies have contributed to produce a normative database?’-3°, and
variables such as peak pressure, peak force, pressure-time integral, force-time integral,
contact area and contact time have consistently showed good reliability for typically
developed children?”2°, Studies on plantar pressure parameters for gait assessment of
persons with CP are scarce, and to the best of the authors’ knowledge, no investigation
on plantar pressures behavior while wearing ankle-foot orthoses has been undertaken.
The absence of systematized evidence regarding the different results of plantar pressure

measurements on this specific population calls for further investigation. In so, the aim
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of this study is to describe the plantar pressure distribution characteristics using insoles,

in a sample of children with CP, when walking with AFQ’s.

6.2. Materials and Methods

6.2.1. Design

Cross-sectional descriptive study.

6.2.2. Participants Selection

A convenience sample of 9 children with cerebral palsy, were recruited from the
main hospitals and rehabilitation centers in Lisbon, Portugal, to participate in this study.
The selected participants followed the eligibility criteria: male or female children
between 4 and 12 years of age, foot length ranging from 15 to 20 cm (due to equipment
constraints), with a clinical diagnosis of bilateral (lower limb predominance) or unilateral
cerebral palsy, grades | and Il on the Gross Motor Function Classification System
(GMFCS)3L, habitual users of AFO, able to walk independently for 5 m without walking
aids, and able to comprehend and comply with simple instructions. Children should also
have not been subjected to orthopedic surgery or botulinum toxin treatment in the
previous 6 months. The protocol was approved and executed in accordance with the
Faculty of Human Kinetics Ethics Committee (CEFMH-2/2019). All procedures were
previously explained to both the child and the legal guardian, an informed consent form

was filled and signed by the legal guardian and verbal consent was given by the child.

6.2.3. Data Collection Protocol

Data collection was performed in a clinical setting where the participants usually
had their physical therapy sessions. Clinical history and a brief physical exam (mass,
height, lower limb posture, selective motor control tests and gastrocnemius length and

spasticity)?® were conducted before pedobarographic data collection.
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Children wore the foot insoles Pedar-X system® (Novel, Munich, Germany),
inside their usual orthoses, no socks, and their usual footwear (large enough to
accommodate the orthoses). The batteries and the wireless transmitter were strapped
or placed inside a backpack on the child’s back. A schematic picture and a photograph
illustrate the experimental setup used — Figure 1. The insoles were calibrated using the
Pedar X Standard (v 25.3.6, Novel, Munich, Germany) protocol: before the beginning of
each trial, the participant was asked to lift one foot at the time off the ground for
approximately 15 s. Data was sampled at 100 Hz. Children were instructed to walk back
and forth, alonga 5 m line drawn on a smooth and regular floor, unassisted and at a self-
selected speed, without running. A chair was placed at either end of the walkway, in
case the participants needed to stop. Data collection stopped after 2 min or if the

children achieved a minimum of 15 steps with each lower limb.

6.2.4. Data Processing

Data was extracted and processed using the Novel Multiprojects-e (v 24.3.34,
Novel, Munich, Germany), that enabled the creation of a database with each
participant’s individual footprint. Each data set was reviewed and amiss footprints and
directional changes were wiped out of the original records. The average of the selected
variables (force-time integral, pressure-time integral, maximum force, peak pressure,
contact area and contact time) was automatically calculated by the software for the
complete foot. A mask was applied to segment the foot into three regions (heel, middle
foot and forefoot), according to the length of the foot (0% to 30%, 30% to 60% and 60%
to 100% of total length, respectively) — Figure 2. These masks were applied automatically
by the software, and average scores were calculated for each variable and region. The
software also produced 3D plantar pressure maps for each participant that allowed a

visual comparison of the trials, whenever possible — Figure 3.

6.2.5. Statistical Methods

A descriptive exploratory analysis was carried out to identify the behavior of the

pedobarography variables under study, for the total of the participants and within the
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different sub-set of conditions: type of Cerebral Palsy, gait pattern and type of orthoses
used during the trials. Mean values and standard deviation for each variable and
participant sub-group was calculated. To identify relevant changes, and since no
reference values were found in current literature, the previously calculated values for
Minimal Detectable Change (MDC) for pedobarography measurements in children with

CP while walking in regular footwear were used??.

6.3.  Results

The nine children with CP, that took part in this study, were characterized as
follows: three spastic unilateral, six spastic bilateral with lower limb predominance; two
females, seven males; age 85.33+ 23.09 months; height 119.44 + 10.58 cm; mass 24.79
+ 6.68 kg - Table 8. Participant’s data from each limb was processed separately (n=18),
because of the heterogeneous physical presentation of unilateral CP or the type of

orthoses used, that comprised some of the selected cluster samples.
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Table 8: Participants’ Characteristics

Subject Code Age Sex Clinical Affected Gait Pattern GMFCS Mass (kg) | Height Insole AFO
(months) Diagnosis Side - Level (cm) -
Left Right Left Right
PC_AFO_001 72 Male Spastic Bilateral Both True True Equinus | 25 109 R-209I- Bimaleolar Bimaleolar
CcpP Equinus 208r dynamic AFO | dynamic AFO
PC_AFO_002 84 Male Spastic Right - True Equinus | 26 114 R-209I- Non-
Unilateral CP 208r articulated
dynamic AFO
PC_AFO_003 108 Female | Spastic Bilateral Both Apparent Apparent Il 26 132 S-2451- Non- Non-
CcpP Equinus Equinus 246r articulated articulated
dynamic AFO | dynamic AFO
PC_AFO_005 122 Male Spastic Bilateral Both Apparent Apparent 1] 33 135 S-245]- Non- Non-
CcP Equinus Equinus 246r articulated articulated
dynamic AFO | dynamic AFO
PC_AFO_006 120 Male Spastic Right - True Equinus | 37 132 S-2451- Articulated
Unilateral CP w/ 246r dynamic AFO
recurvatum
PC_AFO_008 77 Male | Spastic Bilateral | Both Jump Gait | Jump Gait i 18 110 R-2001- Non- Non-
cpP 208r articulated articulated
dynamic AFO | dynamic AFO
PC_AFO_010 65 Male Spastic Bilateral Both True True Equinus Il 20 118 R-2091- Non- Bimaleolar
CcP Equinus 208r articulated dynamic AFO
dynamic AFO
PC_AFO_012 56 Female | Spastic Bilateral Both Apparent Apparent 1l 18 110 R-209I- Articulated Articulated
CcpP Equinus Equinus 208r rigid AFO rigid AFO
PC_AFO_017 64 Male Spastic Right - True Equinus | 20,1 115 R-209I- Bimaleolar
Unilateral CP 208r dynamic AFO
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The participants were divided into Clusters, according to the type of Cerebral
Palsy, the gait pattern or the type of orthoses used during the trials (Table 9). Cluster 1
focused on the clinical diagnosis and sub-type of Cerebral Palsy (Spastic Bilateral versus
Spastic Unilateral). Cluster 2 differentiated between different gait patterns (True
Equinus and Apparent Equinus). Cluster 3 compared different types of orthoses used
during the trials (Non-articulated dynamic AFO versus Bimaleolar dynamic AFO). Some
of the participants presented different types of gait patterns and used different types of

orthoses, and in such, their data was excluded from cluster comparisons.

Overall data was consistent across all participants and clusters. As the use of
pedobarography is fairly recent in gait analysis of CP children, and there are no published
reference values, the authors applied the previously calculated total mean and Minimal
Detectable Change (MDC) values for the pedobarography variables in children with CP

while walking in regular footwear, for reference purposes — Table 10.

The use of AFO did not significantly impact any of the mean values for the
variables in study, when referencing to the means of the same variables in children with
CP walking in regular footwear. Similar to the previous study?3?, the contact time has a

wide range of mean and standard deviation values - Figure 11.

In cluster 1 (distribution of spasticity) the data from the Unilateral group shows
overall higher values than the Bilateral group, with pressure time-integral (50,7 kPa*s),
maximum force (241,7 N) and contact area (70,6 cm2) showing minimal detectable

changes.

Regarding cluster 2 (gait pattern), the Apparent Equinus participants also show
higher values in the contact time variable than the True Equinus group. This seems
consistent as the Equinus sub-group has two participants with unilateral CP, and

therefore naturally shorter contact time.

In cluster 3 and when compared to the Bimaleolar AFO participants, the Dynamic
AFO participants have higher values across all variables, with particular significance in
the force-time integral (119,1 N*s), maximum force (215,9 N), contact area (63,3 cm?)

and contact time (958,7 s) variables.
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Moreover, the Bimaleolar AFO sub-group (cluster 3) displays the lowest values

across all variables and all sub-groups, but only the the maximum force value (123,5 N)

and the contact area value (40,1 cm?) register a difference bellow the minimal

detectable change value.

Table 9: Total mean and Minimal Detectable Change (MDC) for Pedobarography variables in Children with CP while
walking in regular footwear.

Pedobarograpy Measurements Total Mean MDC
Force—time integral (N*s) 72,7 36,4
Pressure—time integral (kPa*s) 55,7 19,7
Maximum force (N) 157,5 49,0

Peak pressure (kPa) 139,9 53,9
Contact area (cm?) 55,0 16,0
Contact time (ms) 672,1 269,1
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Table 10: Total and Cluster Pedobarography Measurements.

Cluster 1: Distribution of Spasticity

Cluster 2: Gait Pattern

Cluster 3:Type of Orthoses

Pedobarography Total Bilateral Unilateral True Equinus Apparent Equinus Bimaleolar AFO Dynamic AFO
Measurements
Mean SD Mean SD
Mean SD Mean SD Mean SD Mean SD Mean SD
103,6 47,6 99,8 51,4 100,9 37 88,7 41 115,7 47 69,6 41,2 119,1 56,4
Force-time integral (N*s)
66,2 43,2 70,5 52,3 50,7 22 60,1 44,5 73,7 43,4 58 58,7 73,6 46,1
Pressure-time integral (kPa*s)
193,6 41,1 172,4 41,3 241,7 41,3 174,5 33,7 217,5 41,5 123,5 29,5 215,9 53,5
Maximum force (N)
121,6 32,3 117,7 32,2 132,2 35,6 113,2 30,6 136,8 32,5 97 29,6 132,2 37,2
Peak pressure (kPa)
60,5 10,5 52,6 10,9 70,6 9,1 50 8 68,2 10,7 40,1 8,5 63,3 12,9
Contact area (cm?)
831 742,4 883,4 899,6 651,2 383,3 670,5 659,1 904 753,1 612,3 838,2 958,7 874,7
Contact time (ms)
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Figure 5: Pedobarography Measurements of Total and Cluster sub-groups.
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Data was also explored in plantar segments by dividing the foot in three sections: heel (0% to 30% of the total length of the footprint),

middle foot (30% to 60% of the total length of the footprint) and fore foot (60% to 100% of the total length of the footprint) —Table 11.

Maximum force shows a relevant change from heel to the fore foot, when accounting for the MDC difference of 49 N. Again, contact time

reveals large and disperse values that are reflected in the obtained means and standard deviations — Figure 12.

Table 11: Mean values for mask measurements (heel, middle foot and fore foot).

Pedobarography Measurements Heel (0%-30%) Middle Foot (30%-60%) Fore foot (60%-100%)
Mean SD Mean SD Mean SD
Force-time integral (N*s) 20,4 22,4 38 20,5 45,1 29,7
Pressure-time integral (kPa*s) 351 36,2 43,7 26,3 49,2 24,9
Maximum force (N) 52,9 22,1 78,4 20,7 121,5 42,2
Peak pressure (kPa) 66,2 21,3 82,5 26,1 112,3 37,5
Contact area (cm?) 4,4 24,1 4,9 23,0 53
12,9
Contact time (ms) 739,2 749,7 775,8 607,7 780,0 603,2
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6.4. Discussion

Our results seem to be consistent with previous studies that described the
changes in plantar pressure in children with CP. To the authors’ best knowledge, this is
the first study to assess plantar pressure parameters in children with CP while wearing
AFO. Knowing how the foot interacts with the AFO may prove substantial information
for tuning and optimizing the orthoses to each individual. With that purpose, studies

that assess plantar pressure within the AFO provide valuable information.

The existing literature regarding plantar pressure is sparse, even in typically
developing children. Kasovi¢, Stefan and Zvonar (2020)%’ published a normative data
base with percentiles for different parameters of plantar pressure analysis for children
ages between 6 and 14 years old. When compared to their healthy peers, and as
expected, the participants of this sample (mean 85.33 months or 7.1 years old), when
wearing AFQ’s, seem to present lower pedobarography results than typically developed
children for all variables, with the exception of contact time, which was above of the
95t percentile. Force-time integral was on the 10" percentile, and pressure-time

integral, peak pressure and contact area were below the 5 percentile.

These results accurately represent the natural deviation of plantar pressures in
the gait pattern of children with CP while wearing AFO’s. While the AFO strives to
minimize the cumulative force and pressure dislocated towards the forefoot region, our
results seem to show that it still does not equals to those of their healthy peers.
Overtime these deviations may lead to the musculoskeletal deformity often found in

children with CP.

Also, as opposed to the typically developed foot, that tends to have larger
contact area and shorter contact time?’, children with CP seem to have a smaller foot
area distribution and increased contact time, due to the asymmetry of gait and the

difficulties in postural control.

AFQO’s purpose is to restrict excessive ankle plantarflexion, promoting a more
plantigrade footprint which will naturally increase the contact area and maximum force.

AFO use seems to be beneficial, particularly in groups with asymmetric gait or in groups

95
FMH | UL



were the equinus position of the foot can be managed (i.e. Unilateral CP distribution,

Apparent Equinus gait pattern or the Dynamic AFO group).

Also, the influence of an affected lower limb on its contralateral cannot be
disregarded. In Unilateral CP, contact time, stride length and step duration, can be
deviated as the less affected limb will support a higher percentage of the load during an
extended period. This asymmetry in stance and therefore contact time, is not so evident

in Bilateral CP, since both lower limbs are similarly affected3334,

The segmental analysis using the footprint masks revealed the increase of all
variables towards the forefoot, as it was expected, since most of the sample is composed

by participants with equinus gait patterns, even when wearing the AFO.

The use of AFO, does not seem to change the pedobarographic parameters in
order to claim that a relevant change has occurred. Nevertheless, there was an increase
in the values of force-time integral, pressure-time integral, peak pressure and contact
area while wearing AFO, which brings them closer to the reference percentiles for the

typically developing children.

6.4.1. Limitations

The sample size of this study was small, and thus, making it hard to draw
additional conclusions. Nonetheless it provides a starting point for much needed further
investigation in the area. Due to the lower sample size and the heterogeneous
presentation of CP, a separate lower limb analysis was conducted. This means that in
the cluster analysis, the “healthy” lower limbs of Spastic Unilateral CP and data from
participants that did not fit the cluster criteria (Jump Gait and Articulated AFO) were

excluded, and therefore may have influenced the final outcome.

6.5. Conclusion

The use of AFO in children with CP can produce positive changes in plantar

pressure measurements, approximating them to the reference percentiles of typically
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developing children. The use of AFO seems to be beneficial, but further investigations

with larger sample size in these 3 cluster groups and in controlled conditions are due.
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Chapter VII — General Discussion
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Ankle-foot orthoses are widely used as a rehabilitation device for children and
adults with Cerebral Palsy, but they lack the evidence to support its generalized use. On
the other hand, gait analysis has proven to be a universally used and strong tool,
considered a gold standard in CP rehabilitation. By combining the use of two
rehabilitation tools (AFO’s and plantar pressure analysis), this PhD thesis aims to

contribute to deepen the knowledge and available evidence on the field.

The body of evidence on the clinical and rehabilitation aspects of Cerebral Palsy
is ever growing, but practical difficulties still represent a huge set back when it comes to
systemize new evidence. Cerebral Palsy is a heterogeneous condition, with multiple
clinical presentations, and each individual is unique. This makes studies with large
number of participants hard to accomplish, as eligibility criteria often excludes part of

the available sample.

This chapter is therefore divided in two parts. On the first part we can find an
overview of the main findings of the investigation and the limitations of the several
studies are exposed, and the overall difficulties of doing research in this field. The second
part elaborates on the practical implications of the main findings in the clinical
rehabilitation setting and daily life of people with Cerebral Palsy, and also suggests new

lines of investigation that can be undertaken in the near future.

7.1. Main Findings and Limitations

In Chapter IV, we found that AFO use may impact positively the gait of children
with spastic bilateral CP. Spatial-temporal parameters, such as walking speed and stride
length, revel an approximation to normal reference™, suggesting a better gait efficiency
and probably less energy expenditure>.

As expected, wearing any type of AFO meant significant differences in the range
of motion of the ankle, when compared to the barefoot condition. AFQ’s are designed
to reduce pathological plantarflexion, common in several of the bilateral CP gait
patterns?. However, some types of orthoses (DAFO, SAFO and GRAFO) are particularly

more effective in controlling tibial progression and consequently promote knee
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extension during stance®. This can impact and modify the crouch gait pattern of CP
children, approximating it to that of healthy subjects.

There were also significant increases in ground-reaction force and joint moments
at push-off, while wearing AFO2. This demonstrates that up to 5 degrees of dorsiflexion
of the ankle inside the AFO, is more advantageous and induces an optimal muscle length
on the calf muscles, approximating the plantar flexion moment to that of normal
values?3,

Only three studies focused on functional gains, and often these variables are
under reported and are not correlated with biomechanical variables of gait analysis.
Research in Cerebral Palsy is often complex, and this aspect is frequently reflected in the
identified limitations of the research conducted with this specific population.

The methodology used for the scoping review followed the Cochrane guidelines
and was previously registered in PROSPERO (International prospective register of
systematic reviews). Nonetheless, due to our eligibility criteria, the number of articles
included was lower than other similar reviews. Of the 10 studies that were included,
there was no common primary outcome between them.

Studies often comprised heterogeneous groups, with different gait patterns and
different approaches to the use of AFO. There is a wide variety of variables and
outcomes which makes difficult the comparison between studies and consequently to
access the effectiveness between AFO.

Studies also did not report the gait pattern classification and the type of AFO
used nor the clinical reasoning behind the AFO prescription, which makes it more
difficult to systematically assess the effects of the AFO in gait performance of children
with CP. A wide variety of AFO are used in clinical practice, which are characterized by
their design and construction, materials used (including stiffness, thickness, and other
mechanical properties) and AFO/footwear combinations and may produce different
outcomes. Few authors advocate an acclimatization period to ensure that the gait
patternis completely adapted to the altered ankle function as induced by the prescribed
AFO, which likewise may have impacted the results of their study.

Overall AFQO’s seem to have an immediate and a long-term effect in improving

the sagittal gait patterns in children with spastic bilateral CP. Further investigation about
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what are the effects of the AFO and how the foot lays and moves inside the orthoses
was needed.

This led to the work developed in Chapter V. The initial research showed that
plantar-pressure-related data for children with CP are still scarce in published evidence.
There was a fundamental need to establish the plantar pressure insoles as a reliable tool
to be used in this specific population, as they provide important information about foot
pressure distribution, postural control, center of pressure (COP) displacement, and the
foot—soil interaction.

The use of this particular tool may prove useful in assessing the effects of orthotic
options and medical and surgical interventions, as they allow the possibility to use inside
shoes or orthotic devices recording a higher number of gait cycles, as well as overall
being easier to use with smaller children.

Trials to assess intersession and intra-rater reliability testing of plantar pressure
variables when using pressure foot insoles were conducted. The results showed high
reliability (ICC = 0.60) for 21 of the 24 parameters that were tested. Still, three of the
outcome measures for whole foot and forefoot showed lower values (whole foot
contact time variable and peak pressure and contact time variables at the forefoot).

Due to the lower sample size and the heterogeneous presentation of CP, a
separate lower limb analysis was conducted. The separate analysis of right and left feet
increases the total sample to sixteen (feet) in the reliability study. Post-hoc power
analysis with a = 0.05 revealed good power (20.90) for most variables, except for the
three variables mentioned above (whole foot contact time variable and peak pressure
and contact time variables at the forefoot).

The poor results obtained for the contact time and peak pressure may be
explained by different factors. The heterogeneous gait pattern and the difficulties in
weight bearing on the most affected limb, especially in children with unilateral CP.
Moreover, although we asked the children to walk at a self-selected comfortable speed,
their pace varied. Other constraints may have arisen form the slight discrepancy
between the total foot length and the length of the available insole. Also, limitations
concerning the total weight of the equipment (about 0.5 kg), which may impact the trials
of some of the smaller children and those with greater locomotion difficulties and gait

deviations.
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The obtained values for MDC% were all considered to be poor, but these results
are equivalent to other similar studies”®. The absence of previous reliability studies with
this population and method precludes comparisons with similar SEM and MDC data. Still
these preliminary results could prove useful to determine clinical changes in foot
pressure and understand how those changes differentiate from the error of
measurement. This is particularly important in studies where we have a pre- and post-
assessment of the participant to see the effect of an intervention process. If the post
results are superior to the reported error of the measurement, we can be confident in
stating that there was a significant effect caused by the intervention.

Another limitation to research, particularly in pedobarography, is foot
segmentation. Various foot segmentation models have been reported in recent

literature®1°.

Complex masking usually involves anatomical and functional
segmentation, including external references. Smaller areas of division may provide with
less detailed information, and they are also more error-prone!4. A three identical part
division masking was selected for this study, similar to that of Galli et al. °, allowing to
differentiate force, pressure, and spatio-temporal values between the hind-foot,
midfoot, and forefoot.

Establishing plantar pressure insoles as a reliable tool to be used with children
with CP was a significant step forward into better understanding how the pathological
foot interacts with the ground and the AFO during gait.

Lastly, in Chapter VI we aimed to assess plantar pressure parameters in children
with CP while wearing AFO. Knowing how the foot interacts with the AFO may prove
substantial information for tuning and optimizing the orthoses to each individual.
Globally, children with CP wearing AFQO’s presented lower pedobarographic results than
their typically developed peers for all variables, except for contact time, which was
above of the 95th percentile. Force-time integral was on the 10th percentile, and
pressure-time integral, peak pressure and contact area were below the 5th percentile.

While the AFO strives to minimize the cumulative force and pressure dislocated
towards the forefoot region, our results show that it still does not equals to those of
their healthy peers. Overtime these deviations may lead to the musculoskeletal

deformity often found in children with CP?°. Also, children with CP seem to have a
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smaller foot area distribution and increased contact time, due to the asymmetry of gait
and the difficulties in postural control.

Also, the influence of an affected lower limb on its contralateral cannot be
disregarded. In Unilateral CP, contact time, stride length and step duration, can be
deviated as the less affected limb will support a higher percentage of the load during an
extended period. This asymmetry in stance and therefore contact time, is not so evident
in Bilateral CP, since both lower limbs are similarly affected®?*,

In this chapter, the separate limb analysis increased the sample size to 18 feet.
However, in the subsequent cluster analysis, the “unaffected” lower limbs of Spastic
Unilateral CP and data from participants that did not fit the cluster criteria (Jump Gait
and Articulated AFO) were excluded, and therefore may have influenced the final
outcome.

For both experimental studies (chapter V and chapter VI), the sample size were
small, and thus, making it hard to draw additional conclusions. Nevertheless, there was
an increase in the values of force-time integral, pressure-time integral, peak pressure
and contact area while wearing AFO, which brings them closer to the reference

percentiles for the typically developing children.

7.2. Practical Implications and Future Research

Overall, the growing body of evidence in CP research supports the use of AFO, as
a way to prevent deformities, improve energy efficiency and approximate the gait

pattern of children with CP to that of their typically developing peers.

However, small sample sizes and heterogeneous population increase the
difficulty in producing high quality and strong methodological evidence. There is a need
to develop consistent AFO prescription algorithms that are designed specifically for each
gait pattern. It should also include information about periods for AFO acclimatization
and the need for fine tuning, appropriate follow-up periods to ensure full effect of AFO,
appropriate wash-out periods, reports on hours per day of AFO usage, and AFO design,
materials, and construction. Future studies should invest in higher methodological
quality protocols that account for the limitations stated throughout this dissertation.
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Also, the use of a common language may prove very useful. The International
Classification of Functionality (ICF) is the World Health Organization (WHO) framework
for measuring health and disability at both individual and population levels and is used
as a common language between different professionals. Currently, there are specific ICF
core sets for CP patients, therefore future studies should summarize the outcomes in

this framework and create a common language across healthcare professionals.

Pedobarography, particularly plantar pressure insoles, proved to be a reliable
tool for assessing plantar pressure variables in children with CP, and a normative

database for this population would prove valuable in future research.

Alongside with the construction of the normative database, further research
about the effects of AFO use in larger sample sizes and in the specific sub-groups
(divided by distribution of spasticity, gait pattern, AFO type and other distinctive

characteristics) is called upon.
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Abstract: Background: Cerebral palsy (CP) is the most common cause of motor disability in children
and can cause severe gait deviations. The sagittal gait patterns classification for children with bilateral
CP is an important guideline for the planning of the rehabilitation process. Ankle foot orthoses
should improve the biomechanical parameters of pathological gait in the sagittal plane. Methods:
A systematic search of the literature was conducted to identify randomized controlled trials (RCT)
and controlled clinical trials (CCT) which measured the effect of ankle foot orthoses (AFO) on the
gait of children with spastic bilateral CP, with kinetic, kinematic, and functional outcomes. Five
databases (Pubmed, Scopus, ISI Web of SCIENCE, SciELO, and Cochrane Library) were searched
before February 2020. The PEDro Score was used to assess the methodological quality of the selected
studies and alignment with the Cochrane approach was also reviewed. Prospero registration number:
CRD42018102670. Results: We included 10 studies considering a total of 285 children with spastic
bilateral CP. None of the studies had a PEDro score below 4/10, including five RCTs. We identified
five different types of AFO (solid; dynamic; hinged; ground reaction; posterior leaf spring) used
across all studies. Only two studies referred to a classification for gait patterns. Across the different
outcomes, significant differences were found in walking speed, stride length and cadence, range of
motion, ground force reaction and joint moments, as well as functional scores, while wearing AFO.
Conclusions: Overall, the use of AFO in children with spastic bilateral CP minimizes the impact of
pathological gait, consistently improving some kinematic, kinetic, and spatial-temporal parameters,
and making their gait closer to that of typically developing children. Creating a standardized
protocol for future studies involving AFO would facilitate the reporting of new scientific data and
help clinicians use their clinical reasoning skills to recommend the best AFO for their patients.

Keywords: child; cerebral palsy; gait analysis; orthotic devices; biomechanics

1. Introduction

Cerebral palsy (CP) is the most common cause of motor disability in children [1-3].
Overall prevalence of CP is around 1 per 500 live births worldwide [2-5]. CP is a complex
pathology that describes a group of impairments and motor disorders [5] with different
presentations and functional levels [6].

The gait deviations that occur in children with CP are among other factors, due to
inadequate muscle action [7]. Instrumented clinical gait analysis has been a great tool for
planning intervention and assessing outcomes in the rehabilitation process of children with
CP [2,8]. However, the use of all the outcomes within the three-dimensional kinematics
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or kinetics data to support classifying gait patterns in CP is still scarce [8], due to the
almost exclusive use of the sagittal plane kinematic outcome in the majority of the gait
classification systems [9,10].

Among several gait classification systems in children with CP, and particularly in bilateral
spastic CP, Rodda et al. [11] identified several gait patterns and reported a high intra-rater
reliability and moderate inter-rater reliability [9]. More recently Papageorgiou et al. [10] con-
cluded that the characteristics presented by Rodda were considered as the most exhaustive ones,
always including information about the co-occurring deviations across all lower limb joints [10].

This classification is based on clinical insight and biomechanical principles, and
identifies five basic patterns of sagittal plane gait in spastic bilateral CP, namely true
equinus, jump gait, apparent equinus, crouch gait, and asymmetric gait. These definitions
are intended to be starting points for the guidelines for the planning of the rehabilitation
process of children with CP. This allows not only the assessment of the most suitable
orthosis for each case but also other surgical and non-surgical interventions, helping in the
clinical decision-making process [11].

The use of ankle foot orthoses (AFO) is commonly prescribed to prevent the develop-
ment or progression of deformity, and to control motion to improve dynamic efficiency of
the child’s gait [12,13]. There is a wide selection of AFO that can be used in the rehabilita-
tion processes. However, their intended function depends mainly on their configurations,
the material used, and its stiffness. Any alteration of these three components will alter
the control that the AFO has on the patient’s gait [14]. There are multiple designs, either
fabricated as a one-piece of thicker thermoplastic AFO that restricts ankle and foot motion
in all three planes (SAFO), or a flexible and dynamic AFO that allows some degree of
sagittal plane motion (DAFO); a one piece design with a posterior malleolar trim line
(posterior leaf spring-PLS), a two-piece design with a hinged joint that typically allows for
dorsiflexion (HAFO), or a one piece anterior shelf design that promotes knee extension
(GRAFO) [15-17].

Opverall, studies involving gait and kinematic analysis have indicated that pathological
gait in the sagittal plane can be improved using AFO [2,18,19], however it is not consensual
about what factors are improved and how they have been improved. Thus, an assessment
of the biomechanical characteristics and functional ability of the participants at baseline
is crucial to track existing changes during the use of AFO [20]. Many studies involving
orthotic use with CP patients present a wide variety of discrepancies in inclusion criteria
or baseline assessments; missing information about orthosis design and construction, and
how they are used; and different types of outcomes that can bias the indicated results.
Previous systematic reviews have not focused on specific CP subgroups or referred to
gait pattern classifications, thereby including a wide range of gait abnormalities, or have
included the information of lower quality studies [21-24].

Due to the broad specter of physical presentations of children with CP, the aim of
this review is to determine the effects of different types of ankle foot orthoses on the
gait of children with spastic bilateral CP, presenting specific recommendations for this
particular subset, and whenever possible refer to its effects on the five different sagittal gait
patterns [11].

2. Materials and Methods
2.1. Search Strategy

A preliminary search was performed to select keywords related to the population,
intervention, and outcomes using the PICO framework [25]. The keywords selected
from the MeSH database in MEDLINE were: cerebral palsy, child, adolescent, orthotic
devices, foot orthoses, splints, gait, kinematics, kinetics, walking, hip, hip joint, knee,
knee joint, ankle, ankle joint, articular range of motion, walking speed, and International
Classification of Functioning, Disability, and Health (ICF). Subsequent refinement searches
were performed to obtain results. The selected keywords were joined by the words “AND”
and “OR”. The search equation was adapted according to the database where it was applied
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(Table AT). The search was performed between January and July 2018, and included all
records from the onset of each database. A secondary search was conducted in February
2020 with no other studies meeting the eligibility criteria. A keyword search was performed
to match words in (all fields) the title, abstract, or keyword fields. The publication date
was not restricted. Whenever possible filters on language were applied (Portuguese and
English) (Appendix A).

The search to identify the relevant articles for this review was carried out in the
following databases: Pubmed, Scopus, ISI Web of Science, Cochrane Library, and Sci-
elo. To identify potentially relevant trials that were unpublished or ongoing, a search
was also performed in the database of the World Health Organization International Clin-
ical Trials Registry Platform (WHO ICTRP) and in the US National Institutes of Health
(ClinicalTrials.gov).

2.2. Selection Criteria
2.2.1. Eligibility Criteria

The methodology used for this review followed the Cochrane guidelines [26]. The eli-
gibility criteria for the selected articles were randomized clinical trials (RCT) and controlled
clinical trials (CCT) (study design); written in English, Portuguese, or Spanish (language);
with a focus on the pediatric population with bilateral CP (population) that used an AFO as
a therapeutic intervention (intervention). The exclusion criteria were the use of functional
electrical stimulation or robotic assisted therapy, and the existence of previous surgical
or medical procedures (intervention). The outcome measures considered were the biome-
chanical gait parameters and/or functional abilities, including spatial-temporal, kinematic,
kinetic, and gross motor function outcomes (outcomes).

2.2.2. Study Selection

The article selection was conducted by two independent reviewers (D.R. and M.R.R.),
after duplicate removal and checking the articles’ titles and abstracts against the eligibility
criteria. The full text of the remaining articles was read. A bibliographic reference software
manager (Mendeley V. 1.19.3) was used to assist the selection process. Whenever the
two main investigators could not reach a consensus, a third external reviewer (E.B.C.)
would intervene.

2.3. Methodological Quality (Risk of Bias)

The assessment of the quality of the included studies was the PEDro Risk of Bias
Tool [27,28], for a minimum score of >5 points, which usually represents an adequate
methodological quality study [29]. The rating of the studies and scoring of their method-
ological consistency were conducted by two reviewers (D.R. and M.R.R.), and, in case of
disagreement or any discrepancies in scores, details were discussed with a third reviewer
(E.B.C.). Furthermore, alignment between the PEDro scores and the Cochrane approach
was verified for a broader assessment of the quality of the included studies [29].

2.4. Data Extraction

The characteristics of each selected study were extracted to compare the features
across the studies. Author names, date of publication, study type and design, population
characteristics and eligibility criteria, sample size, intervention type and duration, variables,
measure instruments, and main findings were included.

3. Results
3.1. Article Selection

The initial search strategy identified 469 articles. After 78 duplicates were excluded,
a further screening based on the title and abstract to assess the relevance of the articles
excluded 352 articles. These articles did not meet the criteria of population (37), intervention
(272), outcomes (4), and study design (39). A full text reading excluded 29 articles based
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on the criteria of population (3), intervention (2), outcomes (1), study design (21), and
language (2). This resulted in a total of 10 articles that met our inclusion criteria and were
included in our review flowchart (Figure 1).

. o Number of duplicates
= Records identified in database
o - excluded: 78
k=t search:
= - Automatic: 41
8 (Pubmed: 14, Scopus: 424,
§ s s - Manually: 37
kel Isi Web of Science: 8, Cochrane: 6,
Scielo: 17 Articles excluded after title
l and abstract screened: 352
80
K= Reasons:
o
% Records screened: 391 > - Population: 37
2 - Intervention: 272
l - Outcomes: 4
= - Study Design: 39
.3{0 Full text articles assessed for Aiticles exeluded afterfill
= eligibility: 39 texts assessment: 29
l Reasons:
9 - Population: 3
E Articles included in the systematic - Intervention: 2
1%}
A= review: 10 - Outcomes: 1
- Study Design: 21
- Language: 2

Figure 1. Flowchart of the article selection process.

3.2. Article Characteristics

The selected articles were published between 1997 and 2016. Of the 10 studies that
were included, five were RCT [15,30-33] (three with a crossover design) and five were
CCT [34-38]. The duration of the studies ranged from 1 day to 12 months in total. All
studies compared at least one type of AFO intervention with barefoot, shoes, or other types
of AFO interventions. The range of measurement instruments that were used included:
optoeletronic systems, ankle accelerometer, force plates, and the Gross Motor Function
Measure (GMFM) tool. The studies reported spatial-temporal parameters (walking speed,
stride length, and cadence), kinematic outcomes (range of motion), kinetic outcomes
(ground reaction force, joint moments, and joint power), and functional outcomes (GMFM).
This enabled the compilation of data detailed in Table 1.
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Table 1. Participants, sample details, methods, and main results.
. Population Eligibility . Tntervention/ . Measurement . . .
Authors Year  StudyDesign o *POALOR e N Duration st Variables i Main Results and Author’s Conclusions
Children with DAFO and
spastic diplegia Shoes: The GMFM scores for all dimensions were si
i Randomized 53 piidrenwith O/ 121098 GMPM used s higher with the patients wearing the DAFO (p < 0.001).
o 2006 B spastic CP (age: maths; 23 1day Snes Functional skills GMEM There seems to be a non-significant negative correlation of age to
2006 [31) controlled pastic CP (age:  ovres 1o, ) with/without  (GMFM scores). - e Seema Lo i s g ; g0
trial 4.3 = 1.5 years) bilateral use of thie orthosés slm\({\;\‘g skills Lhart\ﬁ;e, auggfestmg that D/’ld-(7) effect (:wyl]({)e&lr)ea:e
% = L vith age, up to the age of approximatel years (p < 0 .
ATO with free during a same WHEMAGERUP. & PP L
plantarflexion. day evaluation.
Functional skills
Children with SAFO and (average total
Randomized spastic diplegia A weeke (2 o Skﬂd;ﬁ;ﬁ:{?y; No significant difference was found in the primary outcome of
Bjornson, 01 crossover 1 hiren (‘;"‘:? CROMPCsTlo wekswithout  poced walking  hours walking; 5"("{“‘”‘3:(" average daily total step count between AFO-ON and AFO-OFF (p =
2016 [32] controlled Fuarane, eagN‘) e wedkerwhif with/without  average number IS 0.48).
trial Ry h/day, o1 YO) AFOwitha strides >30 : AFO did not improve walking activity levels.
e multiaxis strides/min;
- accelerometer. peak activity
index).
AFO use, of ion, did not significantly alter pelvic
and hip kinematics and /or kinetics from the barefoot condition. At
the knee there was no significant kinematic change. All AFO
i i i ly altered ankle ki ics during the stance
and swing phases of gait: dorsiflexion at initial contact (p = 0.0001),
peak dorsiflexion in stance (p < 0.009), timing of peak dorsiflexion in
stance (p < 0.003), peak dorsiflexion in swing (p < 0.0002), and
Bimdiin sl i dynamic ankle range (p < (.0001) compared with barcfoot.
Eﬁm‘:a- bt Between the configurations, peak dorsiflexion in stance was
1 year (a (M oo significantly greater in the HAFO than the SAFO (p = 0.01), and the
baseline dagta‘ (kine?r?aiic timing of peak dorsiflexion in stance was significantly later in the
€l assessment after sl s stance phase in the HAFO compared with the SAFO (p = 0.005). In
Rairidomized S| three months of Ivi 3 hi conjunction with the changes in ankle kinematics, ankle kinetics (peak
e prhisams 16 children with no AFO wear, Barefoot or P tanile;  Optoelectronic  dorsiflexion moment in early stance [p = 0.0001], peak plantarflexion
e 2004 bosrmta} spasticCP (age: Tl bilateraluse 16 and an HAFO or PLS or Tkt moment in carly stance
5 g 83L23ycars)  of AFO,6 1012 asscssment at SAFO. valiblesct the [p = 0.0001], peak power gencration in stance [p < 0.008], and the
h daily >3 the end of cach hip, knee, and timing of peak power generation [p < 0.005]) changed significantly in
month. AFO ety all the AFO configurations compared with barefoot.
three-month stri d;: \ength All of the AFO configurations significantly increased step (p < 0.005)
wearing period R LA and stride length (p < 0.006) compared with barefoot, while
R chc(:) significantly decreasing cadence (p < 0.0005). Therefore, velocity did

not increase significantly with AFO use compared with barefoot
Velocity was significantly slower in the HAFO compared with the PLS
(7 = 0.009), owing to a 17% decrease in cadence in the HAFO, an 11%
decrease in the PLS, and a 13% decrease in the SAFO, compared with
barefoot. AFO use did not significantly improve skills within the
standing dimension of the GMI'M. However, all AFO configurations
significantly improved skills within the W /R /| dimension compared
with the barefoot condition (p < 0.002).
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Table 1. Cont.

Authors Year  Study Design Fopulation Eligibility Criteria N Duration Intervention/Procedure Variables Measuremen Main Results and Author’s Conclusions
Characteristics ¥ Instruments
Children with CP showed greater trunk
sway excursion and angular velocity in
both the sagittal and frontal directions
Gait analysis compared to the control group (p < 0.05).
. il g el Spaing ATOarsarove, s (nnk e o
randomized spastic diplegic  the age of 4 and 12 years; no ; JRISI00% angular to typically developing children, but the
controlled CP(meanage:  history of orthopedic surgery; Participants walked at a velocitics; difference in frontal motion was higher
clinical trial 764 17yem9  no Y B comfortable speed onan 8 m oAk b ek than in sagittal motion (p < 0. 0
Degelean, 613 o A ft it e OMECE Vaus walkway with AFO and pesstopea Optoeletronic Thetea o T AROT A
015134 0 plus ma; hy 42 ry]p.c_a y ;\ll b i cnjxsl JEak G CS % ay iy sHirslone I iy Tesicotany o Al FQ iimprovl i
cnnlr(: A Jevcloping Jewilelinseg P(;s:‘c::ro THE Bl ek ecorded wg ;runh angular ik int L}mcnffxlhwm :inn‘;{ml\ uring
(repeated dren (mean  leaf spring-type or solid passaibsian, isplacements; gaitin children with spastic diplegia by
measures age: 7.8, = 1.4 either in habitual walking or system etecting passive elevation angles making it closer to a typical, mature gait
design) during physical therapy gt sl vt of the thigh, pattern (p < 0.05). This was indicated by a
sessions. J shank, and significant greater ROM of the shank and
foot). adecreased ROM foot. However, wearing
AFO results in increased trunk motion,
which may be problematic in the context
of difficult postural control.
= s
‘P‘;:‘gf;;z:i‘:‘ ; ; ohte Control group There were significant differences among
tl:u: S S (A)—traditional neuro- the 3 groups pre-treatment in all
ol developmental physical measured variables (gait speed, cadence,
40 kg; cognitively able to Y
2 therapy. stride length, and bilateral hip and knee
understand simple : )
o G o Study group (B)—A + flexion angles), and that they were
Rl indiog] e TheraTogsTM orthotic present post-treatment (p < 0.05). This is
medical issues; no allergic 4 b Lt e o et b e L lanit
tions to the adhesive tape undergarment and strappin ) _ lue to the improvement of the plantar
s system for both lower Sait analysis exion, knee extension coupling, an
o any other materials; e 19 ystems for both G y a o pling; and
2 57 children with i Y 2 2h/day,5 extremities, data (gait speed; knee and hip extension angle in mid
3 : Randomized oA 3 visual, auditory, or perceptual + g . - e e 3 . i
El-Kafy, 2014 50 talle] b spastic diplegic b i i oo Jo  days/weekfor Study group (C)—B + cadence; stride Optoeletronic stance provided by the GRAFO.
[15] CPO nkmllct:i lris 1 (mean age: 7.3 ST 'I'h(‘lr aTogs T a total of 12 received GRAIQ in both length; hip and system. The statistically significant differences
= 1.3 years) it fpnd o 5 weeks lower limbs. knee flexion post-treatment, in all parameters, were
15 2 Participants walked at a angles). greater in group C than that in both

strapping system and ground
reaction ankle foot orthosis;
no botulinum toxin in the

lower extremity musculature
during the
other spasti
within 3 months of
pre-treatment testing.

comfortable speed on an 8 m
walkway with AFO and
barefoot.

The task was recorded using
an optoelectronic
system detecting passive
retro-reflective markers.

groups A and B (p < 0.05).
The results concerning the mean values of
bilateral hip and knee rotational angles
between both groups Band C revealed
that there were no statistically significant
differences in either pre- or
post-treatment evaluation times (p < 0.05).
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Authors Year  Study Design c:::u::::::a Eligibility Criteria N Duration Intervention/Procedure Variables “:::l’r:‘;‘:":l’s“ Main Results and Author’s Conclusions
CP patients had significantly shorter
stride length than normal. Both AFO and
DAFO conditions significantly increased
stride length (p < 0.1
The mean stride length in CP patients
walking barefoot (0.69 + 0.14) was 65% of
the healthy age matched children. The
stride length was significantly increased
when the subjects were wearing AFO
(0.74 L 0.15) or DAFO (0.81 L 0.
Concerning the total ROM, there was a
reduction in range of motion at the ankle
Galkarnalysis joint between the barefoot (22.39 + 6.78),
Spastic diplegia CP with data (stride AFD (1248 5'55:;3“:‘ DAFO (1972 £
Non- 7 boys and 6 mainly moderats dyriamic lengthy stride Atinitial contact children with DAFO
nn("lomizcd ’irf; with equiinusi(modifted Ashwoarth time; speed; resented a si antly increased knee
controlled sstic diplegic scalel-0); Sance ting Rl hip flesion by A (5 < 0,016) and 5.3
SR fpaste dip ek no significant coronal or swing time; o andhipfegionby il (p <00l and 2.2
3005 clinical trial CP (mean age: bl 13 AFO and DAFO. Pkl b Optocletronic  (p = 0.012), respectably, when compared to
54 2005 plus healthy 5.9 = 1.81 years) " jickrime + 1day Barefoot (healthy subjects spa ¥ system; barefoot walking.
1351 £ botulinum toxin injections ratio; cadence; i 5
controls + 18 typically P i 18 control group). . force platform.  No significant difference was found at the
(repeated developin pithin e procedingd fangs of molion ROM in the knee and hip between the
:ﬁwm‘ chil dmn‘P(a gu months; good vision; the parameters; AFO and D«\}l)»'O
design) m 1lclwcd)g Alalgy i coipichend moment There was a significantly higher ground
S 2 instructions; be able to walk parameters; 3 S !
independently. power reaction force at the second peak wearing
2 arameterd) an AFO (0.97 = 0.06) than when walking
P ¥ barefoot (089 = 0.11).

Both the AFO (0.96 % 0.27) and the DAFO
(L.11 £ 0.43) showed a significant
improvement in the maximum plantar
flexion moment compared to barefoot
(0.69 1 0.25). Tt was 0.28 Nm/kg higher in
the AFO and 0.42 Nm /kg higher in the
DAFO.

There was no significant difference
determined among barefoot, SAFO, and
DAFO in all knee and hip power
parameters.
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Authors Year  Study Design C::n::ll::::::a Eligibility Criteria N Duration Tntervention/Procedure Variables "f::l’r““‘::";’s“ Main Results and Author’s Conclusions
There was an increased stride length
wearing the AFO (0.97 | 0.16) and DAFO
Spastic diplegia and unilateral 093 = 0.}03) ézsgpmz‘v:fg the barefoot
CP; community ambulatory e dbacs wis Biehe: b 4833
with plantigrade foot in Thercadence vas iugher barefoot (14533
. 5 o : + 15.73) than with the AFO (140.10 £
standing, excessive plantar Gait analysis 8.79) and DAFO (13655 % 10.96). The
flexion during the sanc, data (rlling xcctive ankle planar flexon withno
et e | pesdeleiiss  gaNig e O (4541 561 s v
4 2 spastic CP (6 grese IS 5 ks gth; ¢/ Contact closing with AFO (262 | 3.93) and DAFO
. controlled ey extended, passive hip +1month with range of motion 00 % E A (166 4 629)
AL 1997 clinical trial P SBIC extension of 10 degrees or 10 AFO+2 weeks AFO and DAFO. of the trunk, St % . 4 L)
[37] et hemiplegic) el e s ik optoelectronic There were no differences (p < 0.002) at
ITpea (mean age: 6.5 TOnS Pasve Damalng sty pEts, WP, system the level in joint motions of the knee, hip,
measures 186 peary  muscle length of 60 degrees or month with knee, and ankle e Al
design) 52 more in straight leg raise, DAFO) at initial contact ke g Sda s
el The amount of ankle plantar flexion that
AaiEs A ambiilaton: 1o s occurred at initial contact and mid-stance
i i in the interventions with no orthoses was
(et reduced with both AFO and DAFO.
PIEVIOUE Y et No differences were found for the gait
variables when comparing the two
orthoses (p < 0.02).
The mean stride length was increased
with both SAFO (0.87 1 0.19) and HAFO
(0.90 1 0.19) when compared to no AFO
i g 3 N (0.79 £ 0.19). No significant differences in
P sl walking velocity, cadence, and stride
yamawann length when comparing no AFO, SAFO,
ankle dorsiflexion and HAFO (p < 0.05).
Didegeeduine il inni At the knee joint there were no findings of
Slandiig Sxoecalve ArLL e AALANGS O significant differences between barcfoot,
plantar flexion of 5 degrees or ‘motion of the SAFO, or HAFO
mare during stance in galt, knee and ankle When compared to the barefoot condition,
Non- passive ankle dorsiflexion to 5 3 months (2 during the e oA tt thore e st et
randomized 3 z degrees with knee extended weeks barefoot stance Laeante ol ol
o 12 children with ey % o h i i i " differences with the AFO and HAFO.
Radtka, 2005 controllcs spastic diplegic ~ PAsSive hip extension to # Lmonfttwil Phasgwalking,  iOploclectronic The HAFO produced more normal
) 2005 clinical trial ED (mem o degreesorlessinthe Thomas 12 AFO+2 weeks SAFO and HAFO. velocity; stride system; diorsiflindim stthie ferriinal sance - Hase
. (repeated 7558 v‘:ﬁ) test, passive hamstring length barefoot + 1 length; cadence; force plates. St i o L
measures asat s of 50 degrees or more as month with knee and ankle d()Niﬂexiu;-x, R Badivs ohiee than
design) measured by a straight leg HAFO) sagittal joint > 5 '8 phas

raise; mild spasticity
of the triceps surac,
hamstrings and quadriceps;
no surgical procedures in the
past or any other orthopedic
surgery during the year prior
to the study.

moments and
powers during
the stance
phasc).

‘There were significant differences when
comparing no AFO (0.69 = 0.14), SAFO
(0.9 + 0.22), and HAFO (094 = 0.25) in

the peak ankle moments. There was a
significant difference in peak ankle
‘moments during the terminal stance
phase between barefoot (130 | 6.59)
and SAFO (1150 | 4.28) and barcfoot and
HAFO (16.13 = 6.17). The mean values
were similar between both AFO.

FMH | UL

133



Children 2021, 8,903

9o0f21

Table 1. Cont.

Authors Year
Smith, 2009
138] 2009

Study Design

Non-
randomized
controlled
clinical trial
plus healthy
controls
(repeated
measures
design)

Population
Characteristics

15 children with
spastic diplegic
CP (mean age:
75+ 2.9 years)
+20 typically
developing
children (mean
age: 106 128
years)

Eligibility Criteria

Spastic diplegia CP; able to
swalk independently without
an assistive device; jump gait

pattern; GMFCS level [; no
orthopedic surgery in the past

12 months; no botulinum
toxin injections in the past 6
‘months; range of ankle
dorsiflexion to at least neutral
on static physical examination
with the knee extended.

15
+
20

Duration Intervention/Procedure Variables Measurement
Instruments
2@;’?&23}’ Gait analysis
bascline + 4 data (walking
woeks with speed; cadence; 4 cronic
DAFO or HAFO DAECHpii HAT) stride length; s
5 Barefoot (healthy subjects range of motion; pYRm,
iz control group). foistmomeny;  force plates;
batefoots £ BTV ket GMEM.
woekswith joints powers
DAFO or functional s
HAFO) (GMEM scores).

Main Results and Author’s Conclusions

Significant improvements in gait metrics
were seen during brace wear (p < 0.0

When compared with barefoot condition,
CP children wearing HAFO and DAFO
showed a significant increase in stride

length (0.98 + 0.05) and (1.01 = 0.05) and
walking speed (1.09 = 0.6) and (1.11 =

0.6)

When using HAFO or DAFO there was a

significant decrease in normal cadence (p

< 0.006) compared with the children with
CP in barefoot condition.

When comparing gait cycles of children
with CP and healthy children there was
no significant difference in terms of stride
length, walking speed, or cadence.

At the ankle significant differences
between the HAFO or DAFO and the
barefoot condition were found during the
stance and swing phase (p < 0.05).
The knee peak flexion during swing was
significantly different beween the DAFO
and barefoot condition (p < (.05).
Children with CP using HAFO or DAFO
had no significant effect on hip ROM.
No significant differences were seen
between the two different braces used (p
= 0.05). The barefoot and braced
conditions differed most significantly in
terms of ankle kinematics and kinetics (p
< 0.05). During the terminal stance of
pre-swing, the ankle moment was
significantly increased for both DAFO
(0.98 1 0.1) and HAFO (1.05 £ 0.1) when
compared to the barefoot condition (0.80
+0.1).

When compared to healthy children, in
the barefoot and AFO condition, CP
children presented a significant increase
in plantar flexor moment during the
initial contact (¢ < 0.05). No significant
differences in ankle powers were found
between DAFO and HAFO.
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Authors Year  Study Design c:::u::::::a Eligibility Criteria N Duration Intervention/Procedure Variables "f::l’r“'l‘;:‘“‘l’s“ Main Results and Author’s Conclusions
Spastic diplegic CP; between
1and 4 years of age; ability to
walk independently, with or
without an assistive device;
GMEICS levels I-11; able to No evidence was found that the
accept and follow AFO prolonged wearing time with AFOs leads
70 boys and 42 treatment strategy; no Eiitlandivils to increased benefits (p < 0.05). The
. girls with unstable scizures; no s ana Y s GMFM-66 improvement in the day-night
Randomized redy q i 56 2 data (passive Sections D and 7 < =
Zhao, 2013 spastic diplegic orthopedic surgery for Day AFO. AFO-wearing group was lower than in
X 2013 parallel group S bl hid + 5to 8 weeks N ankle E of the 66-item Brot
30 ! CP (mean age: spasticity within the Night and day AFO. ik the day AFO-wearing group rather than
controlledirief 269 4 0.81 preceding 6 months; no 38 dorsflexion GMEM: higher. AFO day-night use was not more
R P 8 z angle). gt T INEnLUBe Nee ok
years) botulinum toxin injections effective than daytime use alone in
within the preceding 3 children with spastic diplegia at GMFCS
levels Ito 11

months; without any other
diseases that interfered with
physical activity, and

existence of serious cognitive

disabilities.

Abbreviations: AFO—ankle foot orthoses; CP—cerebral palsy; DAFO—dynamic ankle foot orthoses; GRAFO—ground reaction ankle foot orthoses; GMFCS—Gross Motor Function Classification System;

GMFM—Gross Motor Function Measure; HAFO—hinged ankle foot orthoses; ROM—range of motion; SAFO—solid ankle foot orthoses.
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The studies with fair to strong methodological quality were as follows: six studies with 4—
5/10, one study with 6/10, and three studies with 8/10 on the PEDro scale (Table 2). All articles
specified their “eligibility criteria”, “follow-up”, “intention to treat”, and “statistical comparison”.
The “blind distribution”, “blind subject”, “blind therapist”, and “blind assessor” were the items
most often not verified. Three studies [15,30,31] managed to create blind assessment conditions,
only two studies [15,30] had “blind distribution”, and only one study [31] had unknowing
therapist. No studies had “blind subjects”, as it is not possible to use AFO without knowing it.
Three studies [34,35,38] did not have equal circumstances at baseline (“similar prognosis”) for
their groups, as they used typically developed children for control group.

3.2.1. Characteristics of the Participants (Sagittal Gait Patterns)

Across all studies, there was a total of 347 participants (289 children with CP and 58
typically developing children [34,35,38]). Most studies included only children with spastic
bilateral CP (285). Despite this, one study [37] presented a heterogeneous population, with
four children with spastic unilateral CP. However, as the results were presented separately,
we did not include them in this review.

Only a small percentage of the total participants had their gait patterns identified.
Two studies referred to the sagittal gait patterns classification [32,38], identifying in total
18 participants with jump gait pattern, 5 true equinus, and 3 crouch gait pattern.

3.2.2. Types of AFO

The majority of interventions were centered in the comparison of gait when using ankle-
foot orthosis and when walking barefoot [15,33-37], or using conventional shoes [31,32,38]. The
type of AFO is central in most studies [15,30,33-38], but information about AFO construction,
design and materials, as well as overall lower limb alignment and footwear are partially missing
in every study.

We identified five different types of orthoses: 178 participants used solid ankle foot orthoses
(SAFO) [30,32-37], 57 participants used dynamic ankle foot orthoses (DAFO) [31,35,37,38], 24
participants used posterior leaf spring (PLS) [33,34], 46 participants used hinged ankle foot
orthoses (HAFO) [33,36,38], and 19 participants used ground reaction ankle foot orthoses
(GRAFO) [15]. We found that overall, studies had no clear and consensual definition of the
different types of AFO, and there was more than one description and configuration for the same
terminology. In some of the studies, participants wore more than one type of orthoses [33,35-38],
and in other studies some participants did not use any type of AFO [15].

3.2.3. Type of Outcomes

The main outcomes that were found were the following: spatial-temporal param-
eters [15,33,35-38], range of motion (RoM) [33,35-38], ground reaction forces [35], joint
moments [33,35,36,38], and joint power [33,35,36,38]. Secondarily, some studies presented
functional parameters, isolated or correlated with the biomechanical analysis [38]. The
most frequently used tool was the Gross Motor Function Measure scale (GMEM) [30-33].

Most articles did not directly relate the reported outcomes with changes in the gait
pattern in children with CP. Still, whenever possible, outcomes observed in the sagittal
plane were associated with changes in the gait pattern.
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Table 2. Methodological quality for studies in the review.
PEDro Score
Aticle ID Eligibility Random Blind Similar ) ) Blind Blind Intention to Statistical Pointof Mea-  Total Score
Criteria 5 R ozt 3 Blind Subject A 3 sure/Measures
riteria Allocation  Distribution  Prognosis Therapist Assessors Treat Comparisons e

of Variability
Bjornson, 2006 [31] Yes Yes No Yes No Yes Yes Yes Yes Yes 8/10
Bjornson, 2016 [32] Yes Yes No Yes No No No Yes Yes No 5/10
Buckon, 2004 [33] Yos Yes No Yes No No No Yes Yes Yes 6/10
Degelean, 2012 [34] Yes No No No No No No Yes Yes Yes 4/10
El-Kafy, 2014 [15] Yes Yes Yes Yes No No Yes Yes Yes Yes 8/10
Lam, 2005 [35] Yes No No No No No No Yes Yes Yes 4/10
Radtka, 1997 [37] Yes No No Yes No No No Yes Yes Yes 5/10
Radtka, 2005 [36] Yes No No Yes No No No Yes Yes Yes 5/10
Smith, 2009 [38] Yos No No No No No No Yes Yes Yes 4/10
Zhao, 2013 [30] Yes Yes Yes Yes No No Yes Yes Yes Yes 8/10

* This criterion is cited but not used to compute the total PEDro score.
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Spatial-Temporal Parameters

One study compared gait in children with CP barefoot at baseline and after 4 weeks
of DAFO or HAFO wear, and found significant differences (p < 0.006) across all measured
spatial-temporal parameters (walking speed, stride length, and cadence) [38]. In studies
that compared either children with CP wearing AFO with their typically developed peers
or children with CP wearing AFO and barefoot, it was shown that use of AFO (regardless of
the type) had a significant increase or an approximation to normal reference parameters in
walking speed [15,38], step [33] and stride length [15,33,35-38], and a significant decrease
towards normal cadence [15,33,37,38].

Nevertheless, there were studies that reported no significant differences for walking
speed [33,35-37], nor significant differences for cadence [33,35,36] irrespective of AFO type
or study design.

Kinematic Outcomes

The most often used kinematic parameter was RoM of the lower limb joints. For
instance, significant improvement towards dorsiflexion of the ankle at the initial contact,
and swing phase was observed [33,35-38], but, because the orthoses limit the plantar
flexion, there was a significant decrease in RoM in the push-off stage of the pre-swing
phase [35]. Maximal dorsiflexion in stance phase improved significantly with the use of
SAFO [33,35,36]. It was also reported that the HAFO can produce excessive dorsiflexion
during the stance phase [36].

While the most significant changes when wearing AFO are in the ankle RoM, in the
knee RoM some differences were found, particularly in knee flexion on initial contact when
compared to the barefoot condition [35,38]. Furthermore, children with CP wearing AFO
showed a significantly greater range of motion of the shank [34]. No significant difference
in knee RoM was found between the different types of AFO [33,35].

One study showed that children wearing DAFO were found to have a significantly
greater hip flexion at initial contact [35], but overall, most studies found no significant
changes at the hip joint, regardless the type of AFO [33,36-38].

Kinetic Outcomes

Only four studies reported kinetic parameters. One study reported that when using a
SAFO or DAFOQ, there was a significant increase in the ground reaction force at the push-off
when compared with the barefoot condition in children with CP [35]. An increase in the
maximum plantar flexion moment in the terminal stance (push-off) was also reported,
regardless of the type of AFO, with results similar to those of healthy children [33,35,36,38].
Peak knee extensor moment in early stance was significantly increased in the HAFO
configuration compared with barefoot condition [33].

Regarding joint power, no significant difference was found in any of the analyzed
joints between barefoot condition and AFO condition [33,35,38]. However, it was also
reported that the peak of ankle power (that occurs at the push-off phase) when wearing
a HAFO was similar to the barefoot condition [36], and between the configurations, the
SAFO decreased peak power generation in stance significantly more than the PLS [33].

Functional Outcomes

To complement the biomechanical data, we were also interested in functional outcomes
that the CP children may have reported with the use of AFO. The GMFM was the most
often used tool, and studies showed it is responsive to change and can be used to evaluate
the progress of a child while wearing AFO [39]. Although some of the included studies
presented poor biomechanical data, they used this measure to evaluate the progress of
AFO use in rehabilitation [30,31,33]. Most of the studies showed that the percentage scores
for this scale were significantly higher when the patients wore the AFO [30-32], with the
exception of one study where the AFO use did not significantly improve skills within the
standing dimension of the GMFM [33]. The changes in some dimensions and total score of
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GMFM were also significantly higher for independent walkers compared to children with
CP using assistive devices while wearing DAFO [31].

4. Discussion

The main focus of this review was to assess the effects of AFO on gait in children with
spastic bilateral CP, with particular attention to effects on different sagittal gait patterns.
Identifying the gait type is useful in guiding orthotic options [40], and its use, coupled
with the three-dimensional gait analysis, has been helpful in the clinical decision-making
process. As a result, we have selected sagittal gait pattern classification [11] to help gather
and systematize information. However, very few studies referred to such classification,
making it difficult to summarize the data in the way planned in the protocol.

Fundamentally, clinical gait analysis for children with bilateral CP is very complex,
since bilateral impairment of the lower limbs is often met with different sagittal gait
patterns in each limb, sometimes even overlapping due to multiple gait abnormalities.

The lack of gait pattern classification makes it more difficult to determine the mechan-
ical and functional AFO characteristics needed to improve the different gait phases and
overall performance. Two studies [32,38] did use the sagittal gait patterns [11] to identify
and categorize clinical subsets, although only one [38] provided the participants with the
type of AFO indicated in the classification.

The appropriate AFO prescription is a practice that requires the clinician to perform
a thorough physical examination and observational gait analysis, regardless of the age
or Gross Motor Function Classification System (GMFCS) level of the child with CP [40].
Although consistent guidelines are lacking in this field [41], when applying an AFO, the
aim is to correct and stabilize the biomechanical alignment of the foot and ankle, prevent
the appearance or worsening of a musculoskeletal deformity, maintain the outcome of a
surgical procedure, and ultimately improve gait [13].

The rationale behind the selection of each AFO and its prescription is missing in most
studies. One study used the GMFCS to select the AFO to be used [34]; one study used
the AFO already owned by the children with CP but without describing criteria [32]; two
used the results of similar studies made previously [31,36]; one study made their own
recommendations after a clinical and biomechanical assessment [37]; and three studies did
not declare the criteria followed [30,35,37].

Nevertheless, results suggest that overall, AFO use may positively impact the gait of
children with spastic bilateral CP. Spatial-temporal parameters, such as walking speed and
stride length, reveal an approximation to normal reference [34-37], suggesting a better gait
efficiency and probably less energy expenditure [33].

Overall, children with CP wearing any type of AFO presented significant differences
in the range of motion of the ankle, when compared to the barefoot condition. Regardless
of the AFO type, its use appears to reduce pathological plantarflexion, common in several
of the bilateral CP gait patterns [35]. However, some types of orthoses (DAFO, SAFO, and
GRAFO) are particularly more effective in controlling tibial progression and consequently
promote knee extension during stance [32]. This can impact and modify the crouch gait
pattern of CP children, approximating it to that of healthy subjects.

In children with spastic bilateral CP, there were significant increases in ground-reaction
force and joint moments at push-off while wearing different AFO [35]. This demonstrates
that up to 5 degrees of dorsiflexion of the ankle inside the AFO is more advantageous and
induces an optimal muscle length in the calf muscles, approximating the plantar flexion
moment to that of normal values [35,37].

Of the ten studies included in this review, only three focused on functional gains,
and only one of the studies presented both biomechanical and functional data. Functional
assessments are widely use in the rehabilitation of children with CP and should be more
often correlated with biomechanical variables.
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Methodological Considerations of This Review

We identified methodological limitations that are common in this type of study. Due
to our eligibility criteria, the number of articles included was lower than other similar
reviews. Of the 10 studies included, there was no common primary outcome between them.
Although biomechanical and/or functional outcomes were found in all studies, the study
designs are vastly heterogeneous (different samples sizes; wide range of age of participants;
typically developed children control group versus children with CP barefoot control group;
one day studies versus 12 months follow-up). This limits our ability to compare results due
to the wider confidence intervals and a lower precision of the outcome measurements [42].
The point of statistical significance may be misleading, and this analysis may be leaving
out some rehabilitation issues.

In CP research, CCT compares changes between groups to evaluate the efficacy of any
treatment, but usually they lack reliable measures to detect changes that occur, which may
be important from a clinical point of view [43]. In evidence-based medicine, the RCT is the
highest level of evidence to be provided [44], and is the design of choice when comparing
two or more healthcare interventions [29,44]. However, randomization may sometimes
be affected by the number of participants, number of comparison groups, duration of the
protocol, and the overall study design when studying AFO intervention. This may be
a challenge because of differing clinical gait presentations and AFO requirements, thus
we found that CCT are the more common for this population. The concealment of the
allocation from parents and healthcare teams is a problem that practically limits this type
of research [45,46].

Most studies included in this review were long-term follow-up studies [15,30,32,33,36-38]
investigating the effects of the AFO for more than four weeks [47]. Studies with longer follow-up
periods have also accounted for two weeks of rest between different orthosis [36,37]. This is
relevant, as there were trials with a crossover design, where more than one type of orthosis
was tested on the same day, raising concerns about the issue of carry-over effect between the
different orthosis [31,32]. We suggest that future studies account for a proper wash-out period
between trials [48].

Few authors advocate for an acclimatization period to ensure that the gait pattern is
completely adapted to the altered ankle function as induced by the prescribed AFO, which
may have impacted the results of their study [49]. Three studies allowed the children to
wear the AFO one to three months prior to the first gait assessment so that the participants
could gradually adapt to wearing them for the entire test day [33,36-38]. In two studies,
children were already wearing their currently prescribed AFO [31,34]. Only one study
reported the number of hours per/day/week that the subjects wore their AFO, but in all
others that information was missing [15].

There are a wide variety of AFOs used in clinical practice, which are characterized
by their design, the material used, and the stiffness of that material [14]. We have en-
countered at least five different types of AFO, but their definition was not always clear.
The lack of nomenclature standardization also makes communication between researchers
difficult [50].

Only one study used a prefabricated standard AFO [32], and in the remaining custom-
made AFO were assigned for each participant [15,30,33,35-38]. Recent studies suggest
that the initial outcomes are the immediate biomechanical response to the effect to the
physical constraint imposed by the standard AFO, particularly the AFO stiffness [19,49].
On the other hand, custom-made AFO can be optimized with fine adjustments to its design
and/or to the footwear prescription, in order to focus on optimal stiffness and increase its
effects on gait pattern [14,51].

Even though an AFO is a frequently prescribed intervention for children with CP, rigor-
ous evidence of their efficacy is limited [52], mainly because of the heterogeneity of outcome
measures among researchers, which limits comparison between studies [53]. Although
previous reviews have reported similar results and identified some of the limitations de-
scribed above, still none have reported consistent guidelines for future studies [10,21-24].
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Particularly, the absence of information about the clinical reasoning behind the AFO pre-
scription, the selection of AFO design and construction, materials (including stiffness and
thickness), AFO/footwear combinations, tuning, and acclimatization periods, makes it
difficult to compare results within studies [50,54]. For instance, Kerkum et al. [47] reported
that ankle ROM was significantly less reduced by both stiff and flexible spring-hinged AFO,
and there was also a reduction in the ankle power when using a more rigid AFO. In this
study, the authors used an instrument to measure the mechanical properties of the AFO
and reported all the parametrization that was used for the AFO design. The differences
found in gait kinematics and kinetics due to the stiffness of the AFO are only possible to
compare with studies that also report the mechanical characteristics of the AFO, and that
seems to be one of the greatest flaws in research regarding this topic [50].

Generically, the gait analysis protocols are not standard and have systematic errors re-
lated to extrinsic and intrinsic factors [55]. Regarding the use of 3D gait analysis in children
with CP, several reliability studies identified that in the barefoot condition, kinematic and
kinetic variables present with deviation between sessions, due to number of gait trials [56],
biomechanical models and marker setup [57], or gait patterns and affected sides [58,59].
In turn, many studies report difficulties in 3D motion analyses when children with CP
are wearing an AFO (especially when modeling ankle kinematics). When assessing the
gait of children with CP wearing AFO, the marker setup usually sits on the surface of the
AFO and shoe, making the assumption that they are the same rigid segment [60]. This may
cause the interaction shank/ankle/AFO to present with some deviations. Ries et al. [16]
attempted to minimize the influence of the AFO on shank and ankle kinematics by placing
technical markers in a way that they were not to be covered or moved when the AFO was
worn. By measuring the angle between the plantar surface of the shoe and the tibia, this
study presented an alternative of measuring the true ankle position or the true neutral
angle of the AFO.

Even though some methodological limitations are well reported, studies involving
3D gait analysis with the use of AFO should implement processes to minimize the error
associated with their protocols, and state what measures they have included to assure that
the outcomes of their research singles out the AFO effect.

It is also important to use tools such as the International Classification of Functioning,
Disability, and Health (ICF) to standardize the report of results within the health-related
domains [61]. Currently, there are specific ICF core sets for CP patients, therefore future
studies should summarize the outcomes in this framework and create a common language
across healthcare professionals [62].

Overall, we considered that there is need to standardize the AFO research, which can
optimize the biomechanical properties and simplify future studies, making it possible to
replicate results and provide better options for children with CP and their families [50].

5. Conclusions

In this review, we found that AFO use seems to have an immediate and a long-term
effect in improving the sagittal gait patterns in children with spastic bilateral CP. However,
most studies included heterogeneous groups with different gait patterns, and there were
different approaches to the use of AFO. There is a need for future studies to invest in higher
methodological quality protocols.

We propose the creation of a standardized protocol for future studies involving AFO
and children with CP. There is a need to develop consistent AFO prescription algorithms
that are designed specifically for each gait pattern. It should also include information
about periods for AFO acclimatization and the need for fine tuning, appropriate follow-up
periods to ensure full effect of AFO, appropriate wash-out periods, reports on hours per
day of AFO usage, and AFO design, materials, and construction. This would facilitate the
report and replication of new scientific data and help clinicians use their clinical reasoning
skills to recommend the best AFO for their patients.
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The rationale for these options needs to be more objective and evidence-based, which
in the future may represent both improved assessment tools as well as a more effective
therapeutic intervention.
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Appendix A
PICO Question Key Words

Population: cerebral palsy; cp; children; children with cerebral palsy; adolescent;
diplegia; spastic diplegia.

Intervention: ankle foot orthoses; AFO; orthoses; orthotics; orthosis; ground force
reaction orthoses; GRAFO; hinged ankle foot orthoses; HAFO; dynamic ankle foot orthoses;
DAFQ; solid ankle foot orthoses; SAFO.

Comparison: (none).

Outcome: gait; kinematics; kinetics; walking; functionality; functional activities; gait
pattern; gait velocity; trunk sway; maximum knee extension; maximum hip extension;
ankle; knee; hip; range of motion; ROM; gross motor function; GMFM; walking speed;
stride length; energy expenditure.

Search Strategies (MeSh terms; word truncation; relevance of key words).

1. “cerebral palsy” [mh]
2. child *[mh]

3. adolescent

4. #1443

5. “sagittal gait patterns”
6.  “spastic diplegia”

7. “true equinus”

8. “jump gait”

9. “apparent equinus”
10.  “crouch gait”

11. “asymmetric gait”

12, #5-#11

13.  “ankle foot orthoses”
14. AFO

15. “orthotic devices” [mh]
16. “foot orthoses” [mh]
17.  splints [mh]

18. #12-#17

19. gait [mh]

20. walking [mh]
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21. kinematics [mh]

22. kinetics [mh]

23. “spatiotemporal analysis”
24. functionality

25.  “functional activities”

26. ICF
27.  “gross motor function measure”
28. #19-#27

29. “randomised controlled trial” [pt]

30. “controlled clinical trial” [pt]

31. “clinical trial” [pt]

32. “comparative study” [pt]

33. #29-#32

34. #1-#3 AND #5-#11 AND #12—#17 AND #19-#27 AND #29-#32

Search Questions used in different data sources

#1:

((“cerebral palsy” [mesh] OR child* [mesh] OR adolescent [mesh]) AND (“sagittal
gait patterns” OR “spastic diplegia” OR “true equinus” OR “jump gait” OR “apparent
equinus” OR “crouch gait” OR “asymmetric gait”) AND (“ankle foot orthoses” OR AFO
OR “orthotic devices” [mesh] OR “foot orthoses” [mesh] OR splints [mesh]) AND (gait
[mesh] OR walking [mesh] OR kinematics [mesh] OR kinetics [mesh] OR “spatiotemporal
analysis” OR functionality OR “functional activities” OR ICF OR “gross motor function
measure”) AND (“randomized controlled trial” [pt] OR “controlled clinical trial” [pt] OR
“clinical trial” [pt] OR “comparative study” [pt]))

#2

(“cerebral palsy” OR child* OR adolescent OR youth) AND (“sagittal gait patterns”
OR “spastic diplegia” OR “true equinus” OR “jump gait” OR “apparent equinus” OR
“crouch gait” OR “asymmetric gait”) AND (“ankle foot orthoses” OR AFO OR “orthotic
device*” OR orthos* OR “foot orthos*” OR splint*) AND (gait OR “walking speed” OR
walking OR ambulation OR kinematics OR kinetics OR biomechanical OR “spatiotemporal
analysis” OR functionality OR “functional activities” OR ICF OR “gross motor function
measure”) AND (“randomized controlled trial” OR “controlled clinical trial” OR “clinical
trial” OR “comparative study”)

#3:

(“cerebral palsy”) AND (“sagittal gait patterns”) OR (“spastic diplegia”) AND (“ankle
foot orthoses”) OR (gait) OR (kinematics) OR (kinetics)

Table Al. Search Results.

Date Source Search Question N° of Results Notes
13 January 2020 Pubmed #1 14
27 January 2020 Scopus #2 363
27 January 2020 Isi Web of Science #1 8 No filter
27 January 2020 Scielo #3 17 No filter
27 January 2020 Cochrane #1 6

1. Rosenbaum, P. Definition and Clinical Classification. In Cerebral Palsy: Science and Clinical Practice, 1st ed.; Dan, B., Mayston, M.,
Paneth, N., Rosenbloom, L., Eds.; Mac Keith Press: London, UK, 2014; pp. 17-26.

2. Graham, H.; Rosenbaum, P; Paneth, N.; Dan, B.; Lin, J.-P; Damiano, D.; Becher, J.; Gaebler-Spira, D.; Colver, A.;
Reddihough, D.; et al. Cerebral palsy. Nat. Rev. Dis. Prim. 2016, 2, 15082. [CrossRef]

3. Eunson, P. Aetiology and epidemiology of cerebral palsy. Paediatr. Child Health 2016, 26, 367-372. [CrossRef]

4. Blair, E.; Cans, C.; Sellier, E. Epidemiology of the Cerebral Palsies. In Cerebral Palsy: A Multidisciplinary Approach, 3rd ed.;
Panteliadis, C., Ed.; Springer International Publishing AG: Cham, Switzerland, 2018; pp. 19-28. [CrossRef]

FMH | UL

T



Children 2021, 8, 903 19 of 21

10.
11.
12.
13.
14.
15.
16.
17
18.
19.
20.
21.
22.

23.

24.
25
26.
27:
28.
29;
30.
31.
32.

33.

FMH | UL

Colver, A_; Fairhurst, C.; Pharoah, P. Cerebral palsy. Lancet 2014, 383, 1240-1249. [CrossRef]

Maenner, M.; Blumberg, S.; Kogan, M.; Christensen, D.; Yeargin-Allsopp, M.; Schieve, L. Prevalence of cerebral palsy and
intellectual disability among children identified in two U.S. National Surveys, 2011-2013. Ann. Epidemiol. 2016, 26, 222-226.
[CrossRef]

Hoffer, M.; Perry, J. Pathodynamics of Gait Alterations in Cerebral Palsy and the Significance of Kinetic Electromyography in
Evaluating Foot and Ankle Problems. Foot Ankle Int. 1983, 4, 128-134. [CrossRef]

Rosenbaum, P; Paneth, N.; Leviton, A.; Goldstein, M.; Bax, M. The Definition and Classification of Cerebral Palsy. Dev. Med.
Child Neurol. 2007, 49, 3-7.

Dobson, F.; Morris, M.; Baker, R.; Graham, H. Gait classification in children with cerebral palsy: A systematic review. Gait Posture
2007, 25, 140-152. [CrossRef]

Papageorgiou, E.; Nieuwenhuys, A.; Vandekerckhove, I.; van Campenhout, A. Gait & Posture Systematic review on gait
classifications in children with cerebral palsy: An update. Gait Posture 2019, 69, 209-223. [CrossRef]

Rodda, J.; Graham, H.; Carson, L.; Galea, M.; Wolfe, R. Sagittal gait patterns in spastic diplegia. ]. Bone Jt. Surg.—Ser. B 2004, 86,
251-258. [CrossRef]

Danino, B.; Erel, S.; Kfir, M.; Khamis, S.; Batt, R.; Hemo, Y.; Wientroub, S.; Hayek, S. Are Gait Indices Sensitive Enough to Reflect
the Effect of Ankle Foot Orthosis on Gait Impairment in Cerebral Palsy. J. Pediatr. Orthop. 2016, 36, 294-298. [CrossRef]

Davids, J.; Rowan, E.; Davis, R. Indications for orthoses to improve gait in children with cerebral palsy. J. Am. Acad. Orthop. Surg.
2007, 15,178-188. [CrossRef]

Eddison, N.; Chockalingam, N. The effect of tuning ankle foot orthoses-footwear combination on the gait parameters of children
with cerebral palsy. Prosthet. Orthot. Int. 2012, 37,95-107. [CrossRef]

El-Kafy, E. The clinical impact of orthotic correction of lower limb rotational deformities in children with cerebral palsy: A
randomized controlled trial. Clin. Rehabil. 2014, 28, 1004-1014. [CrossRef]

Ries, A.; Schwartz, M. Ground reaction and solid ankle-foot orthoses are equivalent for the correction of crouch gait in children
with cerebral palsy. Dev. Med. Child Neurol. 2018, 61, 219-225. [CrossRef]

Chui, K;; Jorge, M.; Yen, S.; Lusardi, M. Orthotics and Prosthetics in Rehabilitation, 4th ed.; Saunders Elsevier: St. Louis, MO, USA,
2020.

Winters, T.; Gage, J.; Hicks, R. Gait patterns in spastic hemiplegia in children and young adults. ]. Bone Jt. Surg. 1987, 69, 437-441.
Vasiliauskaite, E.; Ielapi, A.; Beule, M.; Paepegem, W.; Deckers, J.; Vermandel, M.; Forward, M.; Vasiliauskaite, E.; Ielapi, A.;
Beule, M.; et al. Disability and Rehabilitation: Assistive Technology A study on the efficacy of AFO stiffness prescriptions. Disabil.
Rehabil. Assist. Technol. 2019, 16, 27-39. [CrossRef]

Butler, P.; Thompson, N.; Major, R. Improvement in walking performance of chindren with cerebral palsy: Preliminary results.
Dev. Med. Child Neurol. 1992, 34, 567-576. [CrossRef]

Aboutorabi, A.; Arazpour, M.; Bani, M.A_; Saeedi, H.; Head, J. Efficacy of ankle foot orthoses types on walking in children with
cerebral palsy: A systematic review. Ann. Phys. Rehabil. Med. 2017, 60, 393-402. [CrossRef]

Betancourt, J.; Eleeh, P; Stark, S.; Jain, N. Impact of Ankle-Foot Orthosis on Gait Efficiency in Ambulatory Children with Cerebral
Palsy: A Systematic Review and Meta-analysis. Am. |. Phys. Med. Rehabil. 2019, 98, 759-770. [CrossRef]

Lintanf, M.; Bourseul, J.; Houx, L.; Lempereur, M.; Brochard, S.; Pons, C. Effect of ankle-foot orthoses on gait, balance and
gross motor function in children with cerebral palsy: A systematic review and meta-analysis. Clin. Rehabil. 2018, 32, 1175-1188.
[CrossRef]

Firouzeh, P; Sonnenberg, L.; Morris, C.; Pritchard-Wiart, L. Ankle foot orthoses for young children with cerebral palsy: A scoping
review. Disabil. Rehabil. 2021, 43, 726-738. [CrossRef]

Schardt, C.; Adams, M.; Owens, T.; Keitz, S.; Fontelo, P. BMC Medical Informatics and Utilization of the PICO framework to
improve searching PubMed for clinical questions. BMC Med. Inform. Decis. Mak. 2007, 7, 16. [CrossRef]

Henderson, L.; Craig, J.; Willis, N.; Tovey, D.; Webster, A. How to write a Cochrane systematic review. Clin. Res. Nephrol. 2010, 15,
617-624. [CrossRef]

Ayyangar, R. Health maintenance and management in childhood disability. Phys. Med. Rehabil. Clin. N. Am. 2002, 13, 793-821.
[CrossRef]

Verhagen, A.; Vet, H.; Bie, R.; Alphons, G. The Delphi List: A Criteria List for Quality Assessment of Randomized Clinical Trials
for Conducting Systematic Reviews Developed by Delphi Consensus. ]. Clin. Epidemiol. 1998, 51, 1235-1241. [CrossRef]
Armijo-olivo, S.; Costa, B.; Cummings, G.; Ha, C.; Fuentes, J.; Saltaji, H.; Egger, M. PEDro or Cochrane to Assess the Quality of
Clinical Trials? A Meta-Epidemiological Study. PLoS ONE 2015, 10, e0132634. [CrossRef]

Zhao, X.; Xiao, N.; Li, H.; Du, S. Day vs. day-night use of ankle-foot orthoses in young children with spastic diplegia: A
randomized controlled study. Am. ]. Phys. Med. Rehabil. 2013, 92, 905-911. [CrossRef]

Bjornson, K.; Schmale, G.A.; Adamczyk-Foster, A.; McLaughlin, J. The effect of ankle foot orthoses on mechanical energy in
children with cerebral palsy. |. Pediatr. Orthop. 2006, 26, 773-776. [CrossRef]

Bjornson, K.; Zhou, C.; Fatone, S.; Orendurff, M.; Stevenson, R.; Rashid, S. The effect of ankle-foot orthoses on community-based
walking in cerebral palsy: A clinical pilot study. Pediatr. Phys. Ther. 2016, 28, 179-186. [CrossRef]

Buckon, C.; Thomas, S.; Jakobson-huston, S.; Moor, M.; Sussman, M.; Aiona, M. Comparison of three ankle—Foot orthosis
configurations for children with spastic diplegia. Dev. Med. Child Neurol. 2004, 46, 590-598. [CrossRef]

a7 T



Children 2021, 8, 903 20 of 21

34.

35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.

46.

47.
48.
49.
50.

51.

52,

53.

54.
55
56.
57.
58.
59.

60.

FMH | UL

Degelean, M.; de Borre, L.; Salvia, P; Pelc, K.; Kerckhofs, E.; de Meirleir, L.; Cheron, G.; Dan, B. Effect of ankle-foot orthoses on
trunk sway and lower limb intersegmental coordination in children with bilateral cerebral palsy. J. Pediatr. Rehabil. Med. 2012, 5,
171-179. [CrossRef]

Lam, W.; Leong, J.; Li, Y;; Hu, Y.; Lu, W. Biomechanical and electromyographic evaluation of ankle foot orthosis and dynamic
ankle foot orthosis in spastic cerebral palsy. Gait Posture 2005, 22, 189-197. [CrossRef]

Radtka, S.; Skinner, S.; Johanson, M. A comparison of gait with solid and hinged ankle-foot orthoses in children with spastic
diplegic cerebral palsy. Gait Posture 2005, 21, 303-310. [CrossRef]

Radtka, S.; Skinner, S.; Dixon, D.; Johanson, M. A comparison of gait with solid, dynamic, and no ankle-foot orthoses in children
with spastic cerebral palsy. Phys. Ther. 1997, 77, 395-409. [CrossRef]

Smith, P; Hassani, S.; Graf, A.; Flanagan, A.; Reiners, K.; Kuo, K.N.; Roh, J.-Y.; Harris, G.F. Brace evaluation in children with
diplegic cerebral palsy with a jump gait pattern. J. Bone Jt. Surg. Am. 2009, 91, 356-365. [CrossRef]

Han, T.; Gray, N.; Vasquez, M.; Zou, L.; Shen, K.; Duncan, B. Comparison of the GMFM-66 and the PEDI Functional Skills
Mobility domain in a group of Chinese children with cerebral palsy. Child Care. Health Dev. 2011, 37, 398-403. [CrossRef]
Wright, E.; Dibello, S. Principles of Ankle-Foot Orthosis Prescription in Ambulatory Bilateral Cerebral Palsy. Phys. Med. Rehabil.
Clin. N. Am. 2020, 31, 69-89. [CrossRef]

Ries, A.; Novacheck, T.; Schwartz, M. The Efficacy of Ankle-Foot Orthoses on Improving the Gait of Children With Diplegic
Cerebral Palsy: A Multiple Outcome Analysis. PM&R 2015, 7, 922-929. [CrossRef]

Higgins, J.; Thomas, J.; Chandler, J.; Cumpston, M.; Li, T.; Page, M.; Welch, V. Cochrane Handbook for Systematic Reviews of
Interventions, 2nd ed.; Wiley-Black Well: Hoboken, NJ, USA, 2019.

Russell, D.; Rosenbaum, P.; Cadman, D.; Gowland, C.; Hardy, S.; Jarvis, S. The gross motor function measure: A means to evaluate
the effects of physical therapy. Dev. Med. Child Neurol. 1989, 31, 341-352. [CrossRef]

Guyatt, G.; Rennie, D.; Meade, M.; Cook, D. Users” Guides to the Medical Literature, 3rd ed.; McGraw Hill Education: New York,
NY, USA, 2015. [CrossRef]

Rasmussen, H.; Pedersen, N.; Overgaard, S.; Hansen, L. Gait analysis for individually tailored interdisciplinary interventions in
children with cerebral palsy: A randomized controlled trial. Dev. Med. Child Neurol. 2019, 61, 1189-1195. [CrossRef]
Rasmussen, H.; Pedersen, N.; Overgaard, S.; Hansen, L.; Dunkhase-heinl, U.; Petkov, Y.; Engell, V.; Baker, R.; Holsgaard-larsen, A.
The use of instrumented gait analysis for individually tailored interdisciplinary interventions in children with cerebral palsy: A
randomised controlled trial protocol. BMC Pediatr. 2015, 15, 202. [CrossRef] [PubMed]

Kerkum, Y.; Houdijk, H.; Brehm, M.; Buizer, A.; Kessels, M.; Sterk, A.; van den Noort, ].; Harlaar, ]. The Shank-to-Vertical-Angle
as a parameter to evaluate tuning of Ankle-Foot Orthoses. Gait Posture 2015, 42, 269-274. [CrossRef] [PubMed]

Evans, S. Clinical trial structures. |. Exp. Stroke Transl. Med. 2010, 3, 8-18. [CrossRef] [PubMed]

Kerkum, Y.; Buizer, A.; van den Noort, J.; Becher, J.; Harlaar, J.; Brehm, M. The effects of varying ankle foot orthosis stiffness
on gait in children with spastic cerebral palsy who walk with excessive knee flexion. PLoS ONE 2015, 10, 0142878. [CrossRef]
[PubMed]

Eddison, N.; Mulholland, M.; Chockalingam, N. Do research papers provide enough information on design and material used in
ankle foot orthoses for children with cerebral palsy? A systematic review. J. Child Orthop. 2017, 11, 263-271. [CrossRef] [PubMed]
Kerkum, Y.; Harlaar, J.; Buizer, A.; van den Noort, J.; Becher, J.; Brehm, M. An individual approach for optimizing ankle-foot
orthoses to improve mobility in children with spastic cerebral palsy walking with excessive knee flexion. Gait Posture 2016, 46,
104-111. [CrossRef]

Eddison, N.; Healy, A.; Needham, R.; Chockalingam, N. The effect of tuning ankle foot orthoses-footwear combinations on gait
kinematics of children with cerebral palsy: A case series. Foot 2020, 43, 101660. [CrossRef]

Almoajil, H.; Wilson, N.; Theologis, T.; Hopewell, S.; Toye, F.; Dawes, H. Outcome domains and measures after lower limb
orthopaedic surgery for ambulant children with cerebral palsy: An updated scoping review. Dev. Med. Child Neurol. 2020, 62,
1138-1146. [CrossRef]

Daryabor, A.; Arazpour, M.; Aminian, G. Effect of different designs of ankle-foot orthoses on gait in patients with stroke: A
systematic review. Gait Posture 2018, 62, 268-279. [CrossRef]

McGinley, J.; Baker, R.; Wolfe, R.; Morris, M. The reliability of three-dimensional kinematic gait measurements: A systematic
review. Gaif Posture 2009, 29, 360-369. [CrossRef]

Monaghan, K.; Delahunt, E.; Caulfield, B. Increasing the number of gait trial recordings maximises intra-rater reliability of the
CODA motion analysis system. Gait Posture 2007, 25, 303-315. [CrossRef] [PubMed]

Stief, F. Variations of Marker Sets and Models for Standard Gait Analysis. In Handbook of Human Motion, 1st ed.; Miiller, B., Wolf,
S., Eds.; Springer International Publishing AG: Cham, Switzerland, 2018; pp. 509-523.

Steinwender, G.; Saraph, V.; Scheiber, S.; Zwick, E.; Uitz, C.; Hackl, K. Intrasubject repeatability of gait analysis data in normal
and spastic children. Clin. Biomech. 2000, 15, 134-139. [CrossRef]

Ricardo, D.; Teles, J.; Raposo, M.R.; Veloso, A.P; Joao, F. Test-Retest Reliability of a 6DoF Marker Set for Gait Analysis in Cerebral
Palsy Children. Appl. Sci. 2021, 11, 6515. [CrossRef]

Danino, B.; Erel, S.; Kfir, M.; Khamis, S.; Batt, R.; Hemo, Y.; Wientroub, S.; Hayek, S. Influence of orthosis on the foot progression
angle in children with spastic cerebral palsy. Gait Posture 2015, 42, 518-522. [CrossRef] [PubMed]

T



Children 2021, 8, 903 21 of 21

61. World Health Organization. International Classification of Functioning, Disability and Health: ICE. 2001. Available online:
https:/ /apps.who.int/iris/handle/10665 /42407 (accessed on 5 March 2020).

62. Limsakul, C.; Noten, S.; Selb, M.; Stam, H.; van der Slot, W.; Roebroeck, M. Developing an ICF Core Set for adults with cerebral
palsy: A Global expert survey of relevant functions and contextual factors. J. Rehabil. Med. 2020, 52, 1-9. [CrossRef]

aTu

FMH | UL



Appendix Il

Raposo MR, Ricardo D, Teles J, Veloso AP, Jodo F. Gait Analysis in Children with Cerebral
Palsy: Are Plantar Pressure Insoles a Reliable Tool? Sensors (Basel). 2022 Jul 13;

22(14):5234. doi: 10.3390/s22145234. PMID: 35890913; PMCID: PMC9319716.

147
FMH | UL



E sSensors

Article

Gait Analysis in Children with Cerebral Palsy: Are Plantar
Pressure Insoles a Reliable Tool?

Maria Raquel Raposo !, Diogo Ricardo 127, Julia Teles 10, Anténio Prieto Veloso !

check for
updates

Citation: Raposo, M.R.; Ricardo, D.;
Teles, J.; Veloso, A.P; Jodo, F. Gait
Analysis in Children with Cerebral
Palsy: Are Plantar Pressure Insoles a
Reliable Tool? Sensors 2022, 22, 5234.
https://doi.org/10.3390/s22145234

Academic Editor: Carlo Ricciardi

Received: 14 June 2022
Accepted: 11 July 2022
Published: 13 July 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/ licenses /by /
4.0/).

and Filipa Joao *

1 CIPER, Faculdade de Motricidade Humana, Universidade de Lisboa, Estrada da Costa,
Cruz-Quebrada-Dafundo, 1499-002 Lisbon, Portugal; raquel.braposo@scml.pt (M.R.R.);
diogo.ricardo@estesl.ipl.pt (D.R.); jteles@fmh.ulisboa.pt (J.T.); apveloso@fmh.ulisboa.pt (A.P.V.)

Escola Superior de Tecnologia da Saude de Lisboa (ESTeSL), Instituto Politécnico de Lisboa, Av. D. Joao I,
1990-096 Lisbon, Portugal

*  Correspondence: filipajoao@fmh.ulisboa.pt

Abstract: Cerebral palsy (CP) is a common cause of motor disability, and pedobarography is a
useful, non-invasive, portable, and accessible tool; is easy to use in a clinical setting; and can provide
plenty of information about foot-soil interaction and gait deviations. The reliability of this method
in children with CP is lacking. The aim of this study is to investigate test-retest reliability and
minimal detectable change (MDC) of plantar pressure insole variables in children with CP. Eight
children performed two trials 8 4+ 2.5 days apart, using foot insoles to collect plantar pressure data.
Whole and segmented foot measurements were analyzed using intraclass correlation coefficients
(ICC). The variability of the data was measured by calculating the standard error of measurement
(SEM) and the MDC/ICC values demonstrated high test-retest reliability for most variables, ranging
from good to excellent (ICC > 0.60). The SEM and the MDC values were considered low for the
different variables. The variability observed between sessions may be attributed to the heterogeneous
sub-diagnosis of CP.

Keywords: plantar pressure; cerebral palsy; gait analysis; reliability; insoles

1. Introduction

Cerebral palsy (CP) is the most common cause of motor disability in children [1-3]. CP
is a complex pathology that describes a group of impairments and motor disorders, which
are permanent but not immutable, resulting from a nonprogressive cerebral disorder [4]
with different presentations and functional levels [5].

CP presents both positive features such as spasticity, hyper-reflexia, and co-contraction,
and negative features including weakness, difficulties in motor control, and sensory and
balance impairments [6]. The lack of control is obvious at the lower limb joints, especially
the ankle joint. These alterations are the main cause of limb contractures, musculoskeletal
deformity, and gait deviations [7].

Foot deformities, along with hip displacement, are the most common musculoskeletal
occurrences in CP. Among the most common foot deformities in this population are equinus,
planovalgus, and equinovarus, which can vary from very mild and flexible to severe
and rigid [8]. These deformities, which cause the foot to abnormally lay on the ground,
can significantly impair function and quality of life; however, very few studies have
systematically investigated the foot morphology and the ground—foot interaction during
the stance phase in this population [7].

Instrumented clinical gait analysis has been an excellent tool for planning inter-
vention and assessing outcomes in the rehabilitation process of children with CP [1,2].
Though the gold standard for gait analysis in children with CP would be a quantitative
three-dimensional analysis of movement and respective articular moments and power
(kinematics and kinetics), possibly alongside muscle activation (electromyography) and
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oxygen consumption [9], it is not always possible to conduct such an assessment in a clinical
setting. More accessible and portable methods have been recently used such as inertial
sensors [10,11] and plantar pressure recording devices [7,12-15].

Under this aspect, dynamic pedobarography is a relatively simple, portable, and non-
invasive technology that measures the change in plantar pressure distribution throughout
the stance phase of gait [16]. It is an easy method to use in a clinical setting; can provide
plenty of information about foot-soil interaction; and, alongside other gait analysis methods,
can help assess the impact of a medical intervention, a rehabilitation program, or the
effects of an orthotic device. Several studies tested its reliability [16,17] for both healthy
adult and children, but none have assessed subjects with CP. The few existing clinical
studies in participants with CP use mainly plantar pressure mats/platforms instead of
insoles [7,12-15].

In the past years, several studies have tried to produce normative age-dependent
gait databases [18-20], which are fundamental to assess and compare with pathologic
situations. In fact, more evidence is now surfacing about the foot characteristics of typically
developed children. Foot pressure changes dramatically throughout the life cycle, especially
in the early years (up to 6 years old). The evidence shows that, while younger typically
developing children present with a flatfoot pattern, older children tend to develop a more
curvilinear pattern [18]. Moreover, older children show greater values in the main plantar
pressure variables when compared with younger children [20].

Even fewer studies have included plantar pressure measurements in children with
CP. There has been no attempt to create any kind of database, which is fundamental to
assess and compare the natural progression of the condition and the results of medical and
therapeutic interventions. Nevertheless, data collected across the existing studies show
that there is a variability in foot pressure distribution depending on spasticity overall, there
is an increase in pressure towards the toes and forefoot as well as a significant reduction
towards the heel [7,14,21].

Reports of plantar pressure data in the literature are highly heterogeneous. One of
the challenges of standardizing this tool is that there are multiple footprint segmentation
models [19]. There is still no consensus about which foot model may provide the most
detailed information, without losing the functional aspects of the foot [15]. Most authors
propose an anatomical /functional segmentation, corresponding to the foot joint positions,
which ranges from as few as 3 to as many as 12 subdivisions of the footprint (the most often
used are the hind-foot, mid-foot (medial and lateral), forefoot (medial and lateral), and toes
(toes 2-5 and the first toe) [7,13-15,17-19,21-24].

The absence of systematized evidence regarding the reliability of foot pressure insoles
on this specific population and the need to assess the dimension of error measurement
with this tool calls for further investigation. In so, the aim of this study is to investigate
test-retest reliability and minimal detectable change of plantar pressure insoles in a sample
of children with CP when walking in regular footwear.

2. Materials and Methods
2.1. Design

Prospective intra-rater test-retest reliability and minimal detectable change study.

2.2. Participants Selection

A convenience sample of 10 children with cerebral palsy was selected from a Por-
tuguese rehabilitation center to participate in this study. The selected participants followed
the eligibility criteria: male or female children between 4 and 12 years of age, foot length
ranging from 15 to 20 cm (because of equipment constraints), with a clinical diagnosis of
bilateral (lower limb predominance) or unilateral cerebral palsy, grades I and II on the
Gross Motor Function Classification System (GMFCS) [25], able to walk independently for
5 m without walking aids, and able to comprehend and comply with simple instructions.
Children should also have not been subjected to orthopedic surgery or botulinum toxin

aTo
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treatment in the previous 6 months. The protocol was approved and executed in accordance
with the Faculty of Human Kinetics Ethics Committee (CEFMH-2/2019). All procedures
were previously explained to both the child and the legal guardian, an informed consent
form was filled and signed by the legal guardian, and verbal consent was given by the child.

2.3. Data Collection Protocol

Data collection was performed on two different days within a period of 7 to 14 days
(8 = 2.5 days) to minimize the assessor memory bias and to prevent a change in the chil-
dren’s gait pattern or clinical condition. Clinical history and a brief physical exam (mass,
height, lower limb posture, selective motor control tests, gastrocnemius length, and spastic-
ity) [9] were conducted in the first session.

Children wore the foot insoles Pedar-X system® (Novel, Munich, Germany), inside
their usual footwear (adequate to their feet size) and no socks. The children wore the
same pair of shoes for both trials. The batteries and the wireless transmitter were strapped
or placed inside a backpack on the child’s back. A schematic picture and a photograph
illustrate the experimental setup used (Figure 1). The insoles were calibrated using the
Pedar X Standard (v 25.3.6, Novel, Munich, Germany) protocol (before the beginning of each
trial, the participant was asked to lift one foot at a time off the ground for approximately
15 s). Data were sampled at 100 Hz. Children were instructed to walk back and forth, along
a 5 m line drawn on a smooth and regular floor, unassisted and at a self-selected speed,
without running. A chair was placed at either end of the walkway, in case the participants
needed to stop. Data collection stopped after 2 min if the children achieved a minimum of
15 steps with each lower limb.

Figure 1. Experimental set up (1—wireless transmitter; 2—batteries; 3—plantar pressure insoles).

2.4. Data Processing

Data were extracted and processed using the Novel Multiprojects-e (v 24.3.34, Novel,
Munich, Germany), which enabled the creation of a database and processing of each
participant’s individual footprint. Each data set was reviewed and amiss footprints and
directional changes were wiped out of the original records. The average of the selected
variables (force-time integral, pressure-time integral, maximum force, peak pressure,
contact area, and contact time) was automatically calculated by the software for the whole
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foot. A mask then divided the foot into three regions (hindfoot, middle foot, and forefoot),
according to the length of the foot (0 to 30%, 30 to 60%, and 60 to 100% of total length,
respectively), as shown in Figure 2. These masks were applied automatically by the
software, and average scores were calculated for each variable and zone. The software also
produced 3D plantar pressure maps for each participant, allowing a visual comparison of
the first and second trial (Figure 3).

St

L4,

oc

Figure 2. Three zones of segmentation of the foot (1—0% to 30% of total length; 2—30% to 60% of
total length; 3—60% to 100% of total length). Obtained from Novel Multiprojects-e (v 24.3.34, Novel,
Munich, Germany).

637.5 kPa 637.5 kPa

v

Figure 3. Three-dimensional plantar pressure mapping for test-retest results of participant 008.
Obtained from Novel Multiprojects-e (v 24.3.34, Novel, Munich, Germany).

2.5. Statistical Analysis

Statistical analysis to assess the test-retest reliability of plantar pressure data was
carried out using the methodology described by Koo and Li (2015) [26], similar to the
methods used by Fernandes et al. (2015) [27] and Ricardo et al. (2021) [28] in their works.

Intraclass correlation coefficients (ICCs) considering the two-way mixed model with
absolute agreement and accounting for the mean of multiple measurements [26] were
calculated for all variables and masks, and a critical level of p < 0.05 was considered
significant. The ICC statistical analysis was performed using SPSS (version 28.0.0; IBM,
Chicago, IL, USA), using the following formula:

MSg — MSg

ICC= ———————F—
MSg + MSC;MSE

where MSg represents the mean square between lower limbs; MSE represents the mean
square for error; MSc represents the mean square within lower limbs, concerning the
selected pedobariografic variables; and 7 is the total number of lower limbs assessed
(two lower limbs for each of the eight participants).The level of agreement was considered
poor, fair, good, and excellent when ICC < 0.40, 0.40 < ICC < 0.60, 0.60 < ICC < 0.75,
and 0.75 < ICC < 1.00, respectively [29]. Calculations also included the mean difference
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between measurements (Meangig), the 95% CI for the Meang;g, the standard deviation of
the differences (SDy;), and the 95% Bland and Altman limits of agreement (95% LOA).

The absolute measure of reliability standard error of measurement (SEM) was calcu-
lated using the following equation:

SDdiff
V2

where SD ;¢ represents the standard deviation of the difference.

To determine the smallest amount of change that must be achieved to reflect a true
change, outside the error of the tests, the minimal detectable change (MDC) was calculated
using the following equation:

SEM =

MDC = 1.96-v/2-SEM

The SEM and MDC were calculated using Microsoft Excel 2013 (Microsoft Corporation,
Redmond, WA, USA).

3. Results

The participants of the study were a convenience sampling of ten children with CP
(nine spastic unilateral, one spastic bilateral; four females, six males; age 57.9 4 13.4 months;
height 110.4 + 7.6 cm; mass 18.1 + 2.4 kg) (Table 1), two of which dropped out of the study
as they could not complete the trials in the same time frame as the other participants (one
because of COVID-19 prophylactic quarantine and the other because of loss of contact).
Data from each limb were processed separately (N = 16), because of the heterogeneous
physical presentation of unilateral CP that composed most of the selected sample. On
average, we assessed 75.8 4= 27.9 steps on each trial.
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Table 1. Participants’ characteristics.

Sagittal Gait Gastrocnemius Foot Number of Steps
GMECS Interval E Spasticity (Modified (Average from
Paticipant  Gender oy ~ Disgnosis A flected T evel between "('t:)‘ Helght Pattern [30,31] Ashworth Scale) [32)  bength (em) Both Trials) Status
1251 Trials (Days) Right Left Right Left  Right Left  Right  Left

001 Male 54 Unilateral CP Ri&ht 14 165 105 Drop Foot - X 0 15 16 70 70 Cump[eled trials
002 Male 65 Unilateral CP Left I 9 20 118 = qu’:fm 0 4 19 17 52 59 Completed trials
003 Female il Unilateral CP Right I 7 19 105 E;f?‘m”“s . 1+ 0 16 17 55 52 Completed trials
004 Female 56 Bilateral CP Both 1 7 18 110 "E‘:I{’,"‘l‘:.‘;‘ "E‘;t’lm‘;‘ 1 1 17 17 55 55 Completed trials
005 Female 65 Unilateral CP Right T 7 204 120 Fqlli::'fuc - 1 0 20 19 64 65 Completed trials
006 Male 45 Unilateral CP Left - 13 97 - F;Tu: 0 1 15 15 - Dropped out
007 Male 41 Unilateral CP Right 1 : 16 103 F;r;fm 2 1 0 15 16 < Dropped out
008 Male 74 Unilateral CP Right [ 7 205 15 . q‘::}fus - 1 0 20 20 75 74 Completed trials
009 Male 80 Unilateral P Right 1 6 201 115 . q‘;:;fus e 14 0 91 122 120 Completed trials
010 Female 58 Unilateral CP~ Right I 7 17 116 1:.?:;';:1 X " 2 0 16 18 12 119 Completed trials

153
FMH | UL
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3.1. Reliability of Whole Foot Measurements

As shown in Table 2, all selected variables calculated for the whole footprint showed
an excellent ICC (ICC > 0.75), except for the contact time variable (ICC = 0.36, 95% CI 0 to
0.784). The SEM and MDC values were within an acceptable range for each of the variables.

Table 2. Reliability values for pedobarography measurements (whole foot).

Pedobarograpy ICC ICC 95% CI Mean  Mean Diff  SD Diff 95% LOA SEM MDC
Measurements
Force-time integral (N-s) 076 (0.30; 0.92) 73.72 —2.08 18.57 (—38.47; 34.31) 1313 36.39
Pressure-time integral (kPa-s) 0.89 (0.70; 0.96) 55.40 0.63 10.04 (—19.05; 20.31) 7.10 19.68
Maximum force (N) 0.79 (0.42; 0.93) 161.30 —7.61 25.00 (—56.61; 41.40) 17.68 49.00
Peak pressure (kPa) 0.81 (0.47; 0.93) 136.45 6.84 27.48 (—47.01; 60.70) 19.43 53.85
Contact area (cm?2) 0.83 (0.53; 0.94) 56.80 —3.69 8.15 (—19.66;12.27) 5.76 15.97
Contact time (ms) 0.37 (0;0.78) 669.93 429 13730 (—264.81;27340)  97.08 269.11

3.2. Reliability of Segmented Foot Measurements

Overall ICC values for the segmented foot measurements fit in the good to excellent
range (ICC values > 0.60), except for peak pressure (ICC = 0.439, 95% CI 0 to 0.807) and
maximum force (ICC = 0.552, 95% CI 0 to 0.845) at the forefoot (Table 3). The SEM and
MDC values were within an acceptable range for each of the variables.

Table 3. Reliability values for pedobarography measurements (three zones of the segmented foot).

Pedobarograpy

M ICC ICC 95% CI Mean  Mean Diff  SD Diff 95% LOA SEM MDC
easurements
Force-time integral (N-s) 0.83 (0.51; 0.94) 17.44 —1.43 11.35 (—23.67; 20.82) 8.02 22.24
Pressure-time integral (kPa-s) 0.97 (0.92; 0.99) 2141 0.62 12.01 (—22.93; 24.16) 8.49 23.54
Hindf Maximum force (N) 0.92 (0.77; 0.97) 70.50 —6.38 28.65 (—62.53; 49.77) 20.26 56.15
ingfoot Peak pressure (kPa) 0.88 (0.65; 0.96) 78.56 —3.84 18.48 (—40.06; 32.37) 13.07 36.22
Contact area (cm?) 091 (0.75; 0.97) 13.68 -1.76 6.19 (—13.89; 10.36) 4.38 12.13
Contact time (ms) 0.86 (0.62; 0.95) 365.79 38.16 272.29 (—495.53; 571.85)  192.54  533.69
Force-time integral (N-s) 0.91 (0.75; 0.97) 15.32 0.52 3.14 (—5.63; 6.67) 222 6.15
Pressure—time integral (kPa-s)  0.97 (0.92; 0.99) 30.19 091 595 (—10.75; 12.57) 421 11.66
Middle Maximum force (N) 0.91 (0.74; 0.97) 47.92 —-2.32 7.84 (—17.69; 13.05) 5.54 15.37
Foot Peak pressure (kPa) 0.97 (0.92; 0.99) 74.89 1.19 8.31 (—15.09; 17.47) 5.87 16.28
Contact area (cm?) 0.98 (0.94; 0.99) 16.54 034 2,07 (—4.39; 3.72) 1.46 4.06
Contact time (ms) 0.73 (0.25; 0.90) 621.32 9.79 118.82 (—223.09; 242.67) 84.02 232.88
Force-time integral (N-s) 0.73 (0.25; 0.90) 40.95 -1.18 11.14 (—23.02; 20.66) 7.88 21.84
Pressure-time integral (kPa-s) 0.97 (0.92; 0.99) 42.35 153 7.30 (—12.77; 15.83) 5.16 14.30
Forefoot Maximum force (N) 0.73 (0.26; 0.90) 123.44 -5.93 23.40 (—51.80; 39.95) 16.55 45.87
Peak pressure (kPa) 0.44 (0; 0.81) 124.59 8.68 28.00 (—46.19; 63.55) 19.80 54.87
Contact area (cm?) 0.68 (0.07; 0.89) 25.59 -3.57 721 (—17.70; 10.55) 5.10 14.12
Contact time (ms) 0.55 (0; 0.85) 578.39 22.66 194.57 (—358.70; 404.02)  137.58  381.36

FMH | UL

4, Discussion

The main objective of the current study was to assess the intersession and intra-rater
reliability of plantar pressure variables when using pressure foot insoles and, to the best
of the authors’ knowledge, it is the first study to do so. Plantar-pressure-related data for
children with CP are still scarce in published evidence. Alongside other gait analysis tools,
pedobarographic measurements are useful in assessing pre- and post-surgical outcomes,
treatment with botulinum toxin, and orthotic management, as they provide important
information about foot pressure distribution, postural control, center of pressure (COP)
displacement, and the foot-soil interaction. Nonetheless, if this type of data is to be used for
assessing clinical or therapeutic interventions, it is of high importance to establish reliability
levels for this specific method and population [24].

The reliability of foot pressure platforms or mats for typically developing children and
healthy adults has been previously established by Cousins et al. (2012) [33], Hafer et al. (2013) [16],
and Niller et al. (2016) [17]. Other similar studies assessed likewise reliability for both typi-
cally developing children and children with CP, also using a plantar pressure mat [14,34].
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However, the use of plantar pressure foot insoles presents with different benefits, such as
the possibility of their use inside shoes or orthotic devices recording a higher number of
gait cycles, as well as overall being easier to use with smaller children.

Our results show high reliability (ICC > 0.60) for 21 of the 24 parameters that were
tested. Still, three of the outcome measures for whole foot and forefoot showed lower
values (whole foot contact time variable and peak pressure and contact time variables at
the forefoot).

The number of participants included in this study was small, but similar to other
researches [14,22]. However, because of the heterogeneity of children with CP, we opted
to conduct a separate analysis of right and left feet. This increases the total sample to
sixteen (feet). Post-hoc power analysis with « = 0.05 revealed good power (>0.90) for
most variables, except for the three variables mentioned above. Post-hoc statistical anal-
ysis was carried out using R software (version 4.1.3., R Core Team 2022) [35] and the
“ICC.Sample.Size” package (version 1.0.) [36].

The poor reliability results for the contact time variable (whole foot and forefoot region)
may be explained by the heterogeneous gait pattern with which the participants presented.
Most of our sample were children with unilateral CP, who present with a slower pace and
abnormal weight shift between the affect side and less affected size. As a separate limb
analysis was conducted, the diminished weight shift to the more affected side may have
led to an increased contact time on the opposite side, and thus the contact time variable
registered a wider range of values. Moreover, although we asked the children to walk at a
self-selected comfortable pace, their pace varied.

The lower ICC values obtained from the forefoot peak pressure can be attributed to the
slight discrepancy between the total foot length and the length of the available insole. Foot
length across our sample ranges from 15 cm to 20 cm, but the same pair of 20 cm insoles
was used throughout the investigation. This means that the fit was not always perfect,
leaving vacant pressure cells at the top of the insoles, which can reflect in the forefoot
values. Moreover, the total weight of the equipment was 0.5 kg, which may impact the
trials of some of the smaller children and those with greater locomotion difficulties and
gait deviations.

The SEM and MDC values were determined to quantify the amount of error associated
with each variable in this population. Even though the SEM and MDC values for each
variable showed a clinically acceptable level of error [20], they were transformed into a
percentage for comparison purposes:

o SEM
SEM% = W&OO

And MOC
MDC% = ———-100

Mean

Please refer to Ayan-pérez, C. and Bouzas-rico, S. (2019) [37] for more information.
For reference purposes, MDC% scores >30% were considered poor, from 10 to 30% were
considered acceptable, and <10% were considered excellent [38]. The obtained values for
MDC% were all considered to be poor, except for the contact area variable for the whole
foot and peak pressure and contact area for the midfoot, which were within the acceptable
range. These results are equivalent to other similar studies [37,39].

Various foot segmentation models have been reported in recent literature [7,13-15,17-19,21-24].
Complex masking usually involves anatomical and functional segmentation, including
external references (for example, retroreflective markers and an optoelectronic system) that
were not available for this specific study. Smaller areas of division may provide with less
detailed information, and they are also more error-prone [17]. A three identical part division
masking was selected for this study, similar to that of Galli et al. [7], allowing to differentiate
force, pressure, and spatio-temporal values between the hind-foot, midfoot, and forefoot.
Knowing that most participants presented an equinus gait pattern, we expected altered
values in these three areas, and that division allowed the retrieval of more specific data.
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The absence of previous reliability studies with this population and method precludes
comparisons with similar SEM and MDC data. These preliminary results could prove
useful to determine clinical changes in foot pressure and understand how those changes
differentiate from the error of measurement. This is particularly important in studies where
we have a pre- and post-assessment of the participant to see the effect of an intervention
process. If the post results are superior to the reported error of the measurement, we can be
confident in stating that there was a significant effect caused by the intervention.

5. Conclusions

This study is the first that establishes plantar pressure insoles as a reliable tool for
measuring different gait-related variables in children with CP. The results indicate a good
reliability for most variables, except for whole foot contact time and peak pressure and
contact time at the forefoot. These lower values observed may be attributed to the hetero-
geneous gait pattern of children with CP and the above-mentioned equipment limitations
of the study.
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