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Abstract

Several studies indicated that walking with an ankle foot orthosis (AFO) impaired third rocker. The purpose of this study was to evaluate

the effects of two types of orthoses, with similar goal settings, on gait, in a homogeneous group of children, using both barefoot and shoe

walking as control conditions. Fifteen children with hemiplegia, aged between 4 and 10 years, received two types of individually tuned AFOs:

common posterior leaf-spring (PLS) and Dual Carbon Fiber Spring AFO (CFO) (with carbon fibre at the dorsal part of the orthosis). Both

orthoses were expected to prevent plantar flexion, thus improving first rocker, allowing dorsiflexion to improve second rocker, absorbing

energy during second rocker, and returning it during the third rocker. The effect of the AFOs was studied using objective gait analysis,

including 3D kinematics, and kinetics in four conditions: barefoot, shoes without AFO, and PLS and CFO combined with shoes.

Several gait parameters significantly changed in shoe walking compared to barefoot walking (cadence, ankle ROM and velocity, knee

shock absorption, and knee angle in swing). The CFO produced a significantly larger ankle ROM and ankle velocity during push-off, and an

increased plantar flexion moment and power generation at pre-swing compared to the PLS (<0.01). The results of this study further support

the findings of previous studies indicating that orthoses improve specific gait parameters compared to barefoot walking (velocity, step length,

first and second ankle rocker, sagittal knee and hip ROM). However, compared to shoes, not all improvements were statistically significant.

# 2006 Elsevier B.V. All rights reserved.

Keywords: Ankle Foot Orthosis; Hemiplegia; Gait; Push-off; Carbon Fiber

www.elsevier.com/locate/gaitpost

Gait & Posture 24 (2006) 142–151
1. Introduction

Ankle Foot Orthoses (AFOs) are frequently prescribed for

ambulatory children with Cerebral Palsy (CP) to improve

their walking pattern. Since the first orthosis was moulded,

clinical application and design variation of orthotics has

rapidly expanded. Most frequently applied AFOs for children

with CP are the solid ankle foot orthosis (SAFO), hinged AFO

(HAFO), dynamic AFO (DAFO) and posterior leaf-spring

(PLS). All these orthoses prevent plantar flexion motion but

the amount of dorsiflexion allowed depends on the specific
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type. Adequately tuned AFOs have been shown to success-

fully correct the first and second ankle rocker. However, their

effect on the third rocker remains unclear [1–9].

Several studies indicate that walking with orthoses

impairs the third rocker. A decreased push-off was found

when children walked with HAFO, SAFO, DAFO, or PLS

compared to barefoot or shoe walking [5,6,8]. However, the

key question on the third rocker for the past few years has

been whether the PLS can help to improve push-off or not.

As the PLS is deformed into dorsiflexion during first and

second rocker dynamic energy is absorbed, which can be

unleashed during third rocker to assist push-off. Ounpuu

et al. examined 19 children with unilateral and 12 with

bilateral involvement, and compared barefoot walking to

mailto:kaat.desloovere@uz.kuleuven.ac.be
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walking with PLS. No evidence was found indicating a

spring-like function of the PLS during third rocker.

Unfortunately the effects of the PLS were not compared

to those of the rigid AFO [8]. Similar results were confirmed

in the study by Buckon et al. [3].

There are several general shortcomings in recent literature

on AFOs. First of all, there is lack of comparative studies on

different types of orthoses, aiming at the same treatment goals.

Studies are often carried out comparing different types of

AFOs irrespective of their treatment goal [3,5,7,10–14]. It

would be meaningful to compare orthoses prescribed for the

same indications within a homogeneous group of patients.

Another problem concerns the sets of objective data used for

further analysis, which are often insufficient, allowing only a

limited evaluation of AFOs [3,5,6–8,10,11,15,16]. Further-

more, studies often lack appropriate control groups and/or

control conditions. Comparing barefoot and shoe walking

comprises a first important control. Finally, when reviewing

the literature, the reader isoften confrontedwithcontradictions

in reported effects of certain AFOs on gait [3–5,17,18].

A prospective study was set up to evaluate the effect of two

types of orthoses, with similar goal settings, on gait, in a

homogeneous group of children with hemiplegia, using both

barefoot and shoe walking as control conditions. The aim of

both orthoses was to prevent plantar flexion, thus improving

the first ankle rocker, to allow dorsiflexion in order to improve

the second rocker, and to absorb energy during second rocker

in order to return it during the third ankle rocker.
2. Methods

2.1. Subjects and materials

Fifteen children diagnosed with hemiplegia received two

types of individually tuned flexible AFOs: the common PLS
Fig. 1. Flexible posterior
and the Dual Carbon Fibre Spring1 AFO (CFO). All

children were selected at the multidisciplinary clinic for

children with CP (at the University Hospital of Pellenberg).

The inclusion criteria for enrolment in this study were: (1)

diagnosis of spastic hemiplegia, (2) age between 4 and 10

years, (3) no Botulinum toxin-A treatment within 6 months

from evaluation time, (4) adequate cooperation of the child,

and (5) no previous orthopaedic surgery. The mean age was

5.86 years (�1.76), eight children had right, and seven

children had left side involvement. All participants were

informed of the nature of the study and their parents gave

informed consent. All children were familiar with the use of

AFOs and had been wearing them for at least 50% of time as

part of their treatment.

At the time of the study, the two types of orthoses were

moulded and tuned, based on the children’s specific

characteristics. This was done by the multidisciplinary

team based on clinical examination and gait analysis. All

children alternated between the use of both AFOs for at least

3 weeks before evaluation.

The flexible posterior leaf-springs (PLS) extended

proximally to just below the neck of the fibula. Distally it

included a footplate that extended along the length of the

plantar surface of the foot to the tips of the toes (Fig. 1). They

were secured with an upper strap across the anterior aspect

of the proximal tibia and trimmed posterior to the ankle

malleoli to allow sufficient flexibility towards dorsiflexion.

The goal was to pre-position the foot for heel contact, allow

dorsiflexion during the second rocker, promote push-off and

achieve foot clearance in swing.

The Dual Carbon Fibre Spring AFO1 (CFO) configuration

resembled the PLS, except for the dorsal part which was cut

into two parts (Fig. 2). A carbon L-shaped plate consisting

of two carbon springs (Ossur paediatric spring1), spanned

the gap. The Ossur paediatric spring1 was made from a

combination of carbon and kevlar fibres pre-impregnated with
leaf-spring (PLS).
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Fig. 2. Dual Carbon Fiber Spring AFO (CFO).
epoxy resin. The design of the spring allowed for good

durability, excellent stiffness to weight ratio, and consistent

performance. The spring also provided good energy return

characteristics. The construct included two springs connected

together distally to provide greater resistance to plantarflexion

than dorsiflexion. The amount of overlap (50% in this study)

determined the orthosis’ flexibility and the restriction towards

plantarflexion. The use of the overlapped carbon springs also

allowed for fine-tuning of the forward thrust. A small wedge

(with different possible angles) could be inserted between the

carbon springs enabling further fine-tuning without having to

completely remould the CFO (Fig. 2). Different types of

carbon material could be used for the springs: type 1 through

three displayed progressively more resistance to bending

forces. The applied carbon springs in this study were all type

1, and all CFOs were tuned without additional wedge between

the carbon springs.

2.2. Study design

Children always started walking barefoot, after which

walking trials with shoes only and with PLS and CFO

combined with shoes followed at random order.

Both the PLS and CFO were identically tuned and worn

with the same shoes. Orthoses were applied bilaterally.

Bilateral use of AFOs is standard practice for children with

hemiplegia in our multidisciplinary team, and is aimed to

promote symmetry by equalising the amount of power

generation at both limbs.

2.3. Test procedure

Prior to gait analysis, standard anthropometric data were

collected. Body height, weight, and bimalleolar distance were

re-measured for every walking condition. Patients walked

on a 10-m walkway at a self-selected speed. Kinematic

measurements were collected using an eight-camera VICON

system (612 data capturing system measuring at 120 Hz, with

lower limb PlugInGait marker set, VICON, Oxford Metrics,
Oxford, UK). Three force plates (Advanced Mechanical

Technology Inc., Watertown, MA) were embedded in the

walkway for force registration. Surface EMG data were

collected on eight lower extremity muscle groups, using a 16

channel K-Lab EMG system (Biometrics, the Netherlands).

Workstation and Polygon software (Oxford Metrics, Oxford,

UK) were used to define the gait cycles, to determine the

spatio-temporal parameters, and to estimate the joint angles

and internal moments and powers (normalised for body mass).

Only the kinematic and kinetic data of three trials of the

involved side were used for further analysis in this study.

After barefoot walking, the retroreflective markers had to

be repositioned on the shoes. Members of the multi-

disciplinary team rigorously controlled the strict replace-

ment of the foot markers. In between the different orthoses

walking conditions, the markers on the shoes were not

replaced, to avoid additional variability.

2.4. Data reduction

In this study, we selected a set of 52 gait parameters from

the kinematic and kinetic data. These were discrete values of

joint angles, moments and power at specific points in the gait

cycle, which were determined for three randomly selected

gait trials of the involved side, per subject, and averaged. All

selected parameters were defined based on a study of the

literature [19–25] and based on the routine gait analysis

protocol used at the Pellenberg Clinical Motion Analysis

Laboratory (Leuven, Belgium). These parameters are

presented in the first column of Table 1. The continuous

trace (across one gait cycle) of the joint angles, moments and

power of the three selected trials per subject were also

studied.

2.5. Statistical analysis

Results of the study were compared to normal data of a

group of healthy children (n = 51, age = 3–11 years). To

exclude the effect of outliners in a limited test group,
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Table 1

Mean and interquartile range (IQR) for gait parameters of the four walking conditions (N = 15), along with the mean values with standard deviation (S.D.) of a normal control group of 51 children of 3–11 years of

age, and P-values of the wilcoxon signed rank tests of three sets of comparisons of walking conditions

Parameter description Barefoot Shoes PLS CFO Normal Comparison 1 Comparison 2 Comparison 3

Median IQR Median IQR Median IQR Median IQR Mean S.D. B-S B-PLS B-CFO S-PLS S-CFO B/PLS-B/CFO S/PLS-S/CFO

Spatio-temporal

Walking velocity (m/s) 1.12 0.25 1.18 0.19 1.23 0.33 1.21 0.22 1.17 0.18 ** * *

Cadence (steps/min) 142.30 14.00 130.50 10.50 130.50 19.50 131.50 12.50 139.00 22.10 ** *

Step length (m) 0.48 0.12 0.50 0.09 0.58 0.11 0.55 0.09 0.50 0.09 * ** ** *

Timing toe-off (% of

the gait cycle)

57.15 2.25 58.55 2.30 57.90 2.5 58.20 3.20 57.60 2.10 *

Ankle

Angle at initial contact (8) �5.04 6.69 �4.76 5.42 1.82 7.46 1.37 6.83 5.50 3.20 ** ** ** **

Range of motion during

push-off (8)
24.74 6.78 29.17 13.39 12.09 3.91 16.17 4.39 28.40 4.20 ** ** ** ** ** ** **

Timing of max dorsiflexion

in stance (%)

44.67 11.00 48.67 6.67 48.67 4.17 49.33 4.33 44.00 3.00 * ** **

Max dorsiflexion in stance (8) 10.14 8.56 15.13 5.25 11.90 8.99 14.29 9.32 14.00 5.10 * **

Angle at mid-swing (8) �4.56 7.52 �6.23 5.89 0.69 5.08 1.15 7.71 �2.10 4.50 * ** ** ** **

Mean foot progression angle

in stance (8)
�7.99 11.94 �3.64 13.87 �4.52 16.14 �4.63 14.98 �5.10 8.30 * **

Ankle moment at the end of

loading response (Nm/kg)

0.54 0.60 0.50 0.46 0.10 0.31 0.32 0.47 0.20 0.15 * ** ** * *

Max plantarflexion moment

in mid-stance (Nm/kg)

0.76 0.68 0.71 0.49 0.71 0.50 0.74 0.37 0.70 0.20

Max plantarflexion moment

in pre-swing (Nm/kg)

1.01 0.31 1.05 0.31 1.17 0.26 1.17 0.20 1.40 0.29 ** ** ** **

Max power absorption in

loading response (Al)

(W/kg)

�1.04 0.90 �1.46 1.21 �0.78 0.56 �0.92 0.53 �0.60 0.40 * ** ** * * *

Max power generation in

pre-swing (A2) (W/kg)

2.02 1.00 1.74 1.04 1.46 0.35 1.68 0.99 2.90 1.10 * ** * ** **

Angular velocity at toe-off

(rad/s)

�3.64 1.28 �5.00 2.59 �1.31 1.13 �1.88 1.10 �5.10 1.03 ** ** ** ** ** ** **

Knee

Angle at initial contact (8) 11.86 7.48 10.91 11.06 8.47 13.05 12.13 12.09 4.93 5.50 * * *

max flexion in stance (8) 18.41 9.47 23.04 13.72 18.40 10.29 20.51 11.11 16.40 7.40 ** ** ** **

Range of motion during

shock absorption (8)
6.20 6.67 12.13 12.04 9.93 9.11 10.11 9.38 13.20 6.40 ** ** ** *

Max extension in stance (8) �4.12 10.13 �3.23 8.96 �6.80 25.31 �3.38 8.54 1.30 5.30 * * * *

Max flexion in swing (̊) 59.96 8.69 64.62 6.94 64.22 8.45 63.76 13.90 61.10 7.10 ** * *

Timing of peak flexion in

swing relative to

toe-off (%)

16.52 2.03 15.68 3.10 14.82 2.15 14.80 3.18 14.60 1.80 * *

Max flexion in swing (8) 73.00 1.67 74.67 3.67 72.67 1.67 73.00 3.0 61.10 7.00 *

Flexion velocity at toe-off

(rad/s)

6.84 1.69 6.69 1.26 7.48 1.43 6.88 1.67 6.00 0.60 * * ** **
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6Table 1 (Continued )

Parameter description Barefoot Shoes PLS CFO Normal Comparison 1 Comparison 2 Comparison 3

Median IQR Median IQR Median IQR Median IQR Mean S.D. B-S B-PLS B-CFO S-PLS S-CFO B/PLS-B/CFO S/PLS-S/CFO

Max flexion moment in

stance (Nm/kg)

�0.42 0.18 �0.47 0.19 �0.54 0.19 �0.50 0.28 �0.35 0.14 *

Max extension moment in

stance (Nm/kg)

0.17 0.15 0.26 0.30 0.29 0.31 0.25 0.24 0.23 0.18 ** **

Max power generation in

stance (W/kg)

0.66 0.36 0.99 0.54 0.88 0.27 0.83 0.26 0.77 0.52 *

Max power absorption in

stance (W/kg)

�0.96 0.60 �1.05 0.55 �0.97 0.61 �1.02 0.15 �0.56 0.44

Hip

Flexion at initial

contact (8)
40.20 10.37 41.01 8.27 42.43 10.90 43.43 9.42 34.20 6.60 ** **

Max extension in

stance (8)
�11.15 5.01 �9.97 10.66 �11.79 6.05 �12.15 6.37 �10.80 6.10

Range of sagittal

motion in stance (8)
47.38 9.61 49.82 8.79 52.61 8.14 54.17 6.39 45.20 5.20 *

Max flexion in swing (8) 43.52 9.67 46.31 11.74 46.73 13.93 45.71 10.49 37.00 6.10

Mean coronal angle in

stance (8)
1.21 4.50 0.06 6.28 1.28 5.33 1.74 6.70 3.90 3.50

Mean coronal angle in

swing (8)
�2.70 3.96 �5.13 4.02 �4.35 4.26 �3.15 4.10 �2.77 3.10 ** *

Rotation angle at initial

contact (8)
�3.83 17.73 �5.87 19.56 �6.51 12.61 �8.11 21.76 2.28 7.80 *

Rotation angle at the

end of mid-stance (8)
3.70 12.78 5.23 12.44 3.87 14.76 3.76 13.14 7.70 7.70 *

Rotation angle at

toe-off (8)
0.75 11.59 1.60 15.24 5.62 13.69 1.04 18.82 0.40 7.70 * ** ** **

Rotation angle at mid-

swing (8)
0.50 18.76 1.67 12.24 1.13 12.06 1.23 16.89 1.60 8.00 *

Flexion velocity in

swing (rad/s)

4.18 0.93 4.36 0.51 4.69 0.72 4.48 0.83 4.00 0.51

Max abduction moment

in stance (Nm/kg)

0.64 0.18 0.66 0.33 0.74 0.28 0.67 0.14 0.54 0.33 * * *

Max extension moment

in stance (Nm/kg)

0.90 0.53 1.03 0.46 1.00 0.65 1.05 0.55 0.78 0.31

Max flexion moment

in stance (Nm/kg)

�0.65 0.29 �0.80 0.30 �0.90 0.21 �0.95 0.22 �0.74 0.20 * ** ** * *

Timing of sagittal 0

moment in hip (%)

26.67 9.67 32.00 3.83 30.00 9.00 32.00 26.50 24.00 7.00 * *

Max power generation

in stance (H1) (W/kg)

0.98 0.55 1.00 0.71 1.33 0.71 1.29 0.82 0.50 0.60

Max power absorption

in stance (H2) (W/kg)

�0.96 0.38 �1.32 2.93 �1.46 0.61 �1.42 0.52 �0.74 0.36 ** ** **

Max power generation

at pre swing/toe-off

(H3) (W/kg)

0.76 0.42 0.87 0.48 0.83 0.63 0.83 0.22 0.80 0.42
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non-parametric statistical analyses were performed. The

data of the study were split up into four conditions: 1,

barefoot; 2, shoes; 3, PLS; 4, CFO. In each condition, the

median and interquartile range (IQR) for the 52 parameters

were calculated for the total group. Mean continuous traces

of kinematic and kinetic data per gait cycle were also

calculated for the four conditions. Discrete values allowed

statistical evaluation of the significance of observed

differences between the conditions. Further data analysis

included three types of comparisons (Fig. 3). First, a

Wilcoxon signed rank test was performed determining

statistical significant differences between barefoot and

shoes (Fig. 3a). Secondly, for both the PLS and the CFO, a

comparison with barefoot and shoe condition respectively

was conducted through another Wilcoxon signed rank test,

quantifying the effects of both orthoses (Fig. 3b). Finally,

the effects of the PLS and of the CFO were mutually

compared (Wilcoxon signed rank test on difference scores

between AFO condition and control condition) (Fig. 3c). A

Bonferroni correction was applied to reduce the likelihood

of obtaining false-positive results because of the repeated

Wilcoxon signed rank tests. The critical P-value was

defined as 0.01. All statistical procedures were performed

with the SAS system (SAS Institute Inc., SAS Campus Dr,

Cary, NC 27513).
3. Results

An overview of the median and interquartile range (IQR)

for the four different walking conditions, along with the

mean values and standard deviation (S.D.) of the normal

control group, is presented in Table 1. The results of the three

types of comparisons (P-values of the Wilcoxon signed rank

tests) are also included in Table 1. Averaged data for ankle

power generation in pre-swing and averaged continues

traces for ankle motion and hip power are illustrated in

Figs. 4 and 5.

3.1. Comparison 1: shoes versus barefoot

The only significantly improved spatio-temporal para-

meter in shoes compared to barefoot was cadence

(P < 0.01). At ankle level, significant changes in walking

pattern were observed with increased range of motion and

angular velocity during push-off (P < 0.01) (Fig. 5a). Shoes

also significantly influenced knee motion, with increased

knee shock absorption, knee flexion in swing and maximal

knee extension moment in stance. Finally, mean coronal hip

angle in swing, mean pelvic obliquity, and maximal hip

power absorption in stance were significantly increased in

shoes when compared to barefoot (P < 0.01). Apart from

knee shock absorption and mean pelvic obliquity, all

significantly changed knee, hip, and pelvis parameters

indicated more pronounced deviations in shoes compared to

barefoot, usually indicating an over-correction.
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Fig. 3. Comparisons of walking conditions: (a) Comparison 1: barefoot versus shoes; (b) Comparison 2: PLS and CFO versus barefoot and shoes and (c)

Comparison 3: effect of PLS versus effect of CFO, with barefoot and shoes as a reference (based on differences scores between AFO condition and barefoot or

shoe condition).
3.2. Comparison 2: PLS and CFO versus barefoot and

shoes

Walking velocity and step length increased in both

orthotic conditions when compared to barefoot (PLS:

P < 0.01, CFO: P < 0.05), but neither was significantly

different when compared to walking in shoes.

When comparing walking with orthoses to barefoot, all

children demonstrated an improved first and second ankle

rocker and foot clearance in swing (P < 0.01) (Fig. 5a).
Fig. 4. Median, P25 and P75 of ankle power generation at pre-swing for the

four walking conditions.
Although plantarflexion moment at push-off increased in

both orthoses (P < 0.01), ankle range of motion during

push-off, power generation in pre-swing, and ankle velocity

at toe-off deteriorated (P < 0.01). When compared to shoes,

neither timing of maximal dorsiflexion in stance, nor power

generation in pre-swing varied significantly in orthoses.

However, ankle moment at loading response reached

significance for both orthoses (P < 0.01). Ankle range of

motion during push-off was still worse in orthoses compared

to shoe walking (P < 0.01). In CFO maximal dorsiflexion in

stance returned to normal, but this improvement did not

reach the level of the critical P-value.

At knee level children also seemed to benefit significantly

from wearing orthoses compared to barefoot. Both orthoses

improved knee shock absorption and maximal knee flexion

in stance (P < 0.01), and tended to change maximal knee

flexion and timing of peak flexion in swing (P < 0.05).

Using shoe walking as a reference, the influence of both

orthoses on maximal knee flexion and timing of peak knee

flexion in swing disappeared, but maximal knee flexion in

stance was still significantly higher (P < 0.01). The PLS

caused mild knee hyperextension (P < 0.05), but the
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Fig. 5. Averaged continuous traces for ankle motion (a) and hip power (b) for four walking conditions (red = barefoot, yellow = shoes, blue = PLS and

green = CFO) (N = 15) and for a group of normal children of 3–11 years of age (shadow = �1S.D.) (N = 51).
increase in maximal knee flexion moment was not found to

be statistically significant.

Both PLS and CFO, created a significantly improved hip

flexion moment in stance, when compared to barefoot. Hip

flexion at initial contact, hip rotation angle at toe-off, as well

as maximal hip power absorption in stance, deviated

significantly more from normal data in both orthotic

conditions compared to barefoot (P < 0.01). When com-

pared to shoes, only the PLS showed a significant effect on

hip rotation angle at toe-off (P < 0.01). Both orthoses

clearly increased hip power generation in stance beyond

normal limits, but these changes did not reach the level of the

critical P-value (Fig. 5b).

Orthoses led to a further increase in the already high

range of pelvic motion in the sagittal plane (PLS: P < 0.05,

CFO: P < 0.01) when compared to barefoot, however this

sagittal range of motion was too large for orthoses as well as

for barefoot.

3.3. Comparison 3: effect of PLS versus effect of CFO

(with both barefoot and shoes as a reference)

Comparing the effect of PLS and CFO, a few parameters

differed significantly. The CFO performed better for ankle

range of motion during push-off, power generation in pre-

swing (Fig. 4) and ankle angular velocity (P < 0.01),

whereas the PLS produced a slightly more normal ankle

moment and power absorption at loading response

(P < 0.05).

Although both orthoses led to increased knee flexion

velocity at toe off (P < 0.05), the effect of the PLS was

significantly higher compared to the CFO (P < 0.01). The

PLS also led to reduced knee flexion at initial contact and a

slightly hyperextended knee in stance (P < 0.05), which was

not observed in the CFO.

The PLS was associated with further increase in maximal

hip abduction moment in stance compared to the CFO
(P < 0.05). At pelvic level, no differences between the effect

of both orthoses were identified.
4. Discussion

4.1. Shoes versus barefoot

AFOs are usually applied in combination with footwear.

Shoes, however, may also change the gait pattern, leading to

false interpretations. A thorough evaluation of an AFO

should therefore include a shoes-AFO and a barefoot-shoes

comparison. Churchill et al. already pointed this out in their

study when they compared five post-stroke patients with

hemiplegia when walking barefoot, with shoes alone, and

with AFOs combined with shoes. Spatio-temporal para-

meters were recorded during gait analysis. Stride length and

swing velocity (stride length/swing time) turned out to be

significantly increased in shoes when compared to barefoot.

Churchill concluded that comparisons made between AFO

and barefoot might underestimate the relative contribution

of existing footwear [18]. However, the sample size of this

study was limited and only spatio-temporal parameters were

registered. Oeffinger et al. also conducted a study comparing

shoe and barefoot walking. Only stride length was reported

to be significantly increased in shoes. However, due to tight

standard deviations, this difference was not considered

clinically relevant and consequently the conclusion was that

an additional assessment wearing shoes was not necessary

[17].

In this study, both shoe and barefoot walking trials were

used, to exclude shoes as a possible confounding factor

enhancing the effects of the AFO. Cadence, ankle range of

motion, ankle velocity, and knee shock absorption sig-

nificantly improved. However, knee flexion in stance and

swing, maximal knee extension moment in stance, ankle

power generation at push-off, and maximal hip power
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absorption in stance worsened when walking with shoes

compared to barefoot. These differences clearly indicate that

shoes influence the gait pattern and the effects of AFOs

should always be weighed against the influence of shoes.

4.2. Orthoses and third ankle rocker

This study aimed at comparing push-off in two different

types of AFOs. The newer design CFO (Dual Carbon Fibre

Spring AFO1) was designed to increase range of motion and

improve kinetics in the crucial and final phase of stance,

compared to the conventional PLS.

In general, the existing literature indicates that applying an

AFO can improve the gait pattern, at the expense of reducing

ankle range ofmotionand powergeneration atpush-off [1,3,5–

8]. In this study, push-off was also found to decrease with both

types of orthoses compared to barefoot, confirming the

existing literature. However, when compared to the PLS, the

CFO displayed increased push-off. The CFO produced a

significantly greater ankle range of motion, angular velocity

and power generation at pre-swing, thereby significantly

improving third ankle rocker when compared to the PLS.

Where the PLS still significantly decreased ankle power

generation during push-off when compared to barefoot, the

decrease observed in the CFO did not reach significance

anymore (Fig. 4). A recent study by Wolf et al. using carbon

spring orthosis for patients with myelomeningocele and

poliomyelitis offers a further confirmation of the above-

described results. Improved push-off was observed as the

spring was loaded in loading responseand midstance, resulting

in a forward push of the tibia and an increased push-off [26].

Interestingly, the hip power generation in stance slightly

decreased in the CFO compared to the PLS. This might

further support our hypothesis that the CFO improves push-

off at the ankle when compared to the PLS, leading to a

decreased need for power generation at the hip. However, it

should be noted that differences in power might also have

been caused by the small differences in walking velocity.

4.3. Other gait parameters

The results of this study support the findings of previous

studies indicating that orthoses improve spatio-temporal

parameters [3,7,11]. All orthoses improved the walking

velocity with decreased cadence and increased step length.

Improved stability in stance was observed as prolonged

single support phase in the gait cycle. However, when these

parameters were compared to those during shoe walking,

none of the observed improvements was significant. This

indicates that it is the combination of shoes and orthoses that

is crucial in improving spatio-temporal parameters.

As expected and extensively reported in literature, all

orthoses enabled children to achieve heel initial contact

thereby normalizing first ankle rocker [1,3,5–8]. Although

no significant differences could be found between the

orthoses, more dorsiflexion was observed with the CFO.
Previous studies reported benefits from increased dorsi-

flexion in stance as this allowed the calf muscles to stretch

and generate improved push-off [1,5,7]. Foot clearance

improved as the orthoses held the ankle in dorsiflexion in

swing. Further improvement of foot clearance in this study

probably also occurred through improved knee movement in

swing, resulting from increased distal stability through the

application of orthoses [27–29]. In this study, the improved

distal stability was reflected through increased knee flexion

and angular velocity and an improved timing of peak knee

flexion in swing. On the other hand, both CFO and PLS

created a maximal knee flexion in swing that was slightly

above normal ranges.

Brunner et al. previously reported that orthoses improve

knee shock absorption and this was confirmed in the present

study [7]. However, when applying shoes only, we observed

increased shock absorption, which decreased slightly with

the orthoses. Therefore, it may be the shoes and not the

orthoses that lead to knee shock absorption improvement.

Concerning knee extension in stance, Buckon et al.

reported HAFO, PLS, and SAFO to decrease knee

hyperextension by preventing ankle plantarflexion. The

HAFO was found to be the most effective [3]. These results

could not be fully supported by this study. The CFO did not

influence knee hyperextension, whereas the PLS slightly

increased knee hyperextension. Consequently, the knee

flexion moment slightly increased as well, reflecting the

importance of strict tuning of the AFOs.

At the hip, flexion at initial contact increased significantly

above normal limits for all orthoses when compared to

barefoot. Maximal hip extension moment was also greater in

all orthoses, along with a later timing in the gait cycle of zero

hip moment when compared to barefoot. All these findings

around the hip can be explained through the larger step

length observed in orthoses. These changes were slightly

more pronounced in the CFO than in the PLS, which reflects

the flexibility of the orthoses.

In conclusion, both orthoses successfully improved gait

patterns, but push-off at the ankle significantly improved

when the CFO was compared to the PLS. The results of this

study further support the findings of previous studies

indicating that orthoses improve specific gait parameters

compared to barefoot walking. However, compared to shoes,

not all improvements were significant.
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