
VU Research Portal

Maximizing the efficacy of ankle foot orthoses in children with cerebral palsy

Kerkum, Y.L.

2016

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Kerkum, Y. L. (2016). Maximizing the efficacy of ankle foot orthoses in children with cerebral palsy. [PhD-Thesis
- Research and graduation internal, Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 24. May. 2023

https://research.vu.nl/en/publications/1289fa0d-e7e9-47a1-a5a2-92b67d1ba02a


CHAPTER VIII

General discussion

 



Chapter VIII

148

In children with cerebral palsy (CP), ankle foot orthoses (AFOs) are commonly 
prescribed to improve gait. Ideally, an AFO should adequately normalize gait 
biomechanics and prevent deterioration of functions, while simultaneously maximizing 
the functional gain for the patient, such as improving gait efficiency or walking activity 
in daily life. To achieve optimal efficacy of the AFO on these two levels, the mechanical 
properties should match the patient’s underlying impairments[1,2]. However, there is 
paucity in treatment algorithms on how to prescribe a well-matched AFO in children with 
CP. This lack of knowledge is reflected in the literature, as there is ambiguous evidence 
for the effects AFOs on gait, especially with respect to the functional gain for the patient, 
which indicates that treatment can be optimized. The general aim of this thesis was to 
evaluate factors that guide optimization of AFO treatment in children with CP, in order 
to maximize the functional benefits that can be obtained from the AFO for the individual 
patient. To this end, the AFO-CP trial was initiated, which aimed to evaluate the effects 
of different degrees of AFO stiffness on gait biomechanics and gait efficiency in children 
with CP who walk with excessive knee flexion during stance, in order to individually 
select the optimal AFO stiffness. In addition, the effects of aligning the AFO-footwear 
combination (AFO-FC), and applying acclimatization time to wearing an AFO-FC were 
investigated. In this final chapter the main findings of the presented studies are critically 
discussed and clinical implications and ideas for future research are provided.

Main findings

afO alignment

In chapter III, the effect of aligning the AFO-FC on joint kinematics and kinetics and the 
shank-to-vertical angle (SVA) in healthy adults was evaluated. The results showed that 
the SVA reflected changes in joint kinematics and kinetics, controlled by changes in the 
AFO-FC heel height, and we concluded that the SVA could serve as a control parameter 
to quantify the alignment of the ground reaction force over the joint rotation centers[3-5]. 

While our study did not aim to identify an optimal SVA during walking, an SVA 10-
12º at midstance has been suggested as optimal[5]. Studies on alignment of the AFO-FC 
have however been mostly performed in children who walk with hyperextension of the 
knee during stance[4,6]. In chapter VII, we measured the SVA in a group of children with 
CP walking with excessive knee flexion during stance. In that study, a new AFO was 
applied, after which the heel height and AFO’s neutral angle was altered to optimize 
the alignment. This was defined as the AFO’s setting in which the ground reaction force 
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alignment in stance was closest to normal, which was evaluated by the representation of 
the ground reaction force in 2D video recordings. After this tuning process, a mean (SD) 
SVA of 21.1º (6.4) was found, which is remarkably higher than the proposed optimum 
of 10-12º. As this SVA value was accompanied by a normalization of the internal knee 
flexion moment (0.14 Nm·kg-1), results indicate that the proposed optimum in literature 
may not apply to children with CP walking with excessive knee flexion in stance. 
This is supported by findings of Butler et al[7], who found that changing the heel-sole 
differential is ineffective in children with moderate to severe knee flexion (i.e. >20º) 
during barefoot walking. Moreover, healthy subjects (chapter III) showed an SVA of 
17.4º (0.8) while walking with the medium heel height AFO-FC, which is comparable to 
the aforementioned SVA in children with CP. This SVA was however accompanied by an 
internal knee extensor moment of 0.50 Nm·kg-1, which is far from normal (i.e. internal 
knee flexion moment of ±0.2 Nm·kg-1)[8]. This finding indicates that AFOs deteriorate 
the gait pattern of healthy individuals, which is also reported in other studies[9-13], and 
it is therefore relevant to assess the potential of the SVA within the target population. 
Furthermore, these findings illustrate the difficulty of interpreting the SVA in relation 
to joint kinetics. Factors such as footplate stiffness (as shown in chapter III), footplate 
length[14], and posture of the upper-body[15] interfere with the alignment of the ground 
reaction force with respect to the lower limb joint rotation centers. The SVA alone might 
therefore not be sufficient to control the alignment of an AFO-FC. The roll-over shape 
has been proposed as a potential parameter to quantify alignment of prostheses and 
orthoses[16], also in the context of children[17], although research on the roll-over shape in 
children with CP has not been performed so far. 

Research in healthy adults shows that the SVA could serve as a control parameter 
to evaluate the effects of heel height adaptations to an AFO-FC. This should 
be confirmed in the target population, for example in gait patterns that are 
characterized by excessive knee flexion in stance. As footplate stiffness of the 
AFO was found to interfere with the efficacy of AFO-FC heel height adaptations 
on joint kinematics and kinetics, while not reflected by the SVA, other parameters 
should also be considered to quantify the AFO’s alignment.
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AFO stiffness

Effects of modulating AFO stiffness

Another factor that is known to interfere with AFO efficacy is the AFO’s stiffness. In 
chapter IV, we used the Bi-articular Reciprocal Universal Compliance Estimator (BRUCE)
[18] to quantify the mechanical properties of a stiffness adjustable spring-hinged AFO to 
assess its potential use in children with CP. From these assessments we concluded that 
the two stiffest available springs of the spring-hinged AFO should be adequate for use in 
children with CP who walk with excessive knee flexion in stance. We expected that these 
springs could reduce the elevated walking energy cost in this target population, as the 
springs held sufficient stiffness to counteract the knee flexion, while the energy return 
could enhance push-off power. We hypothesized that knee flexion would decrease 
with increasing stiffness, while push-off power would be more enhanced by the more 
flexible (spring-like) AFOs. As both mechanisms are associated with walking energy 
cost reduction, the cost stiffness that would result in the largest energy reduction was 
expected to rely on a trade-off between counteracting knee flexion and enhancing push-
off power. 

In chapter V, we evaluated the effects of varying the stiffness of a spring-hinged 
ventral shell AFO on gait in a group of children with CP walking with excessive knee 
flexion in stance. To this purpose, the spring-hinged AFO was set into a rigid hinge 
setting (i.e. no spring-like properties) and two spring-like hinge settings (i.e. stiff and 
flexible), which were randomly applied to the participants. For each hinge setting, the 
effects on gait biomechanics (i.e. knee extension angle and push-off power) and walking 
energy cost were assessed. In contrast to our hypotheses, no significant differences 
in knee extension angle during stance were found between the three AFOs (i.e. rigid, 
stiff and flexible). All AFOs also showed comparable improvements in the internal knee 
flexion moment, although the rigid AFO reduced the internal knee flexion moment 
more effectively compared to the flexible AFO. Considering the reducing effect of a stiff 
footplate on the knee flexion angle and internal moment[14] as described in chapter III, 
it is expected that the AFOs’ effects on the knee joint angle and moment in all hinge 
settings was primarily defined by the stiff footplate, and less by the AFOs’ ankle stiffness.

Although variations in AFO stiffness did not significantly affect knee joint kinematics 
and kinetics, differences between AFOs were seen at the level of the ankle joint. The 
spring-hinged AFO was able to control ankle range of motion according to its settings, 
showing a decreased ankle range of motion with increasing stiffness. Moreover, our 
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hypothesis that a spring-like AFO could preserve remaining push-off power[6,19] (chapter 
IV) was confirmed by the results in chapter V, showing that both the stiff and flexible 
spring-like AFOs preserved ankle power generation compared to shoes-only walking, 
while the rigid AFOs reduced the ankle power generation. Previously, adequate ankle 
power generation (third rocker function) has been associated with a rapid plantar flexion 
movement[20]. Although we did not investigate any relations between gait parameters, 
our results suggest an inverse association between ankle range of motion and push-off 
power generation. The possibility of sufficient ankle plantar flexion within the spring-
like AFOs could therefore be a key feature with regard to preserving push-off power, 
especially in children without severe calf muscle weakness who are able to actively 
perform plantar flexion movement[21].

The spring-hinged AFOs were also expected to enhance push-off power by (partly) 
taking over ankle work during gait through the storage and release of energy by the 
AFO[22,23]. In general, the amount of stored energy by the AFO is dependent on an 
interaction between the AFO’s ankle range of motion and ankle stiffness[22]. In our study, 
the dorsiflexion stop and relatively low stiffness values of the spring-hinged AFO limited 
the amount of energy that could be stored by the AFO. The hysteresis that was present 
in all hinge settings further decreased the amount of released energy that was expected 
to enhance push-off power during walking. These low levels of energy return were 
reflected by the small contribution of the AFO to ankle work during walking in all hinge 
settings (chapter V). Nonetheless, over the whole gait cycle, the rigid AFO contributed 
less to ankle work compared to the spring-like AFOs, emphasizing favorable effects of 
the spring-like AFOs on ankle biomechanics, which we suggested would also be beneficial 
in terms of reducing walking energy cost[21,23-26]. 

Regarding walking energy cost, the rigid AFO as well as the two spring-like AFOs 
significantly reduced the walking energy cost compared to walking with shoes-only, 
with an overall reduction of 11%, which is comparable to earlier findings[27,28]. In contrast 
to our expectations and to earlier findings[25,29], we did however not find any significant 
differences in walking energy cost between AFO stiffness conditions. That is, the 
favorable effects of the spring-like AFOs on ankle range of motion and push-off power 
were not unambiguously reflected in a reduction of walking energy cost. Considering 
that all AFOs comparably improved the knee extension angle during stance and based on 
findings of Brehm et al.[28], showing that normalization of knee extension after treatment 
with AFO’s in children with CP was associated with a reduced walking energy cost, it is 
therefore suggested that energy cost reductions as a result of wearing the AFO were 
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mostly defined by the AFOs’ effect on knee biomechanics, and less by their effect on 
ankle biomechanics (chapter V). On the other hand, the difference in stiffness between 
AFOs may not have been discriminating enough to detect changes in the walking energy 
cost. Furthermore, as the number of included patients did not reach the goals that were 
set, our small study sample may also explain the lack of significant differences in walking 
energy cost between AFOs.

Effects of a stiffness-optimized AFO 

The results of the gait analyses and walking energy cost assessments reported in 
chapter V were used to individually optimize AFO stiffness in our study population 
(chapter VI). This optimization process was initially based on the AFOs performance on 
the knee extension angle during stance. When no difference in effect on knee angle was 
found between AFOs, the optimal AFO stiffness selection was based on the reduction 
in walking energy cost, i.e. the stiffness showing the largest reduction was chosen as 
optimal AFO stiffness. In chapter VI, the effects of the optimized AFO on walking energy 
cost, and gait biomechanics were investigated. 

In line with the findings in chapter V, performance on peak knee extension angle 
was not a discriminating factor to select the optimal AFO stiffness in most participants. 
When individually comparing the peak knee extension angle between AFOs (chapter VI), 
the rigid AFO only resulted in the best (i.e. at least 5º more extension) knee angle in 1 
of 29 evaluated legs. Even more striking, the knee angle was least improved (i.e. >5º 
more flexion) by the rigid AFO in 13 of 29 evaluated legs. Previously, Rogozinski et al.[30] 
aimed to identify clinical parameters that were related to efficacy of a rigid AFO on gait 
biomechanics, and found that hip and knee contractures negatively impact on efficacy. 
As we excluded children with knee flexion contractures of more than 10º, this could not 
have affected our results. Clinical observations (2D video recordings) however showed 
that some children tried to walk on the tip of the toes (i.e. footplate), therewith avoiding 
stretching of the calf muscles (i.e. knee extension), which could (partly) explain the fact 
that the rigid AFOs did not improve knee kinematics in some children. The rigid AFO 
might also have induced a flexed knee gait pattern to compensate for a reduced balance 
control, caused by the rigid AFO[13]. In contrast to our findings of chapter V, the results 
of chapter VI suggest that spring-like AFOs may be more effective in achieving knee 
extension compared to rigid AFOs in some children with CP who walk with excessive 
knee flexion in stance. The optimized AFO however reduced the peak knee extension 
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angle in single support by 2.4°, which is a much smaller reduction compared to Rogozinski 
et al.[30] who found a mean reduction of 11°. Nonetheless, based on our findings, the rigid 
AFO is expected to have been even less effective in our study population, supporting the 
hypothesis that the efficacy of an AFO is (partly) defined by the patient’s characteristics.

As the knee angle was not a discriminating parameter in most children, the majority 
was assigned with the AFO that resulted in the lowest walking energy cost level. Within 
this selection process, only spring-like AFOs (either stiff or flexible) were selected as 
optimal stiffness. This finding supports that functional benefits from spring-like AFOs can 
be obtained for a subgroup of children. The optimized AFO improved the walking energy 
cost at 3 months follow-up in 11 participants, although not significantly, with an overall 
walking energy cost reduction of 9% compared to walking shoes-only. In line with earlier 
findings[25,29,31], our results suggest that optimizing AFO stiffness could lead to a clinically 
relevant improvement in the walking energy cost at the individual level, especially 
when the patient’s main rehabilitation treatment goal is to reduce fatigue related to an 
increased walking energy cost. 

Although the optimized AFO led to small and/or statistically non-significant changes 
at follow-up, larger effects were found at the moment of selecting the optimal AFO 
stiffness. At that stage, the optimized AFO reduced the knee flexion angle by 8°, which led 
to a knee flexion angle at stance that was close to normal (i.e. 14.3°) and comparable to 
findings of Rogozinski et al.[30]. This is a clinically relevant reduction in terms of improving 
the gait pattern, and preventing muscle contractures. As a mean overall reduction in 
knee flexion angle of approximately 4° by all AFOs was found in chapter V, our findings 
in chapter VI indicate that individually optimizing AFO stiffness could improve AFO 
treatment efficacy in terms of knee angle during walking, and accordingly, preventing 
muscle contractures. Furthermore, results showed that the individually optimized AFO 
initially reduced walking energy cost by 20%, indicating an overall clinically relevant 
reduction in the walking energy cost. The reduced AFO’s efficacy might be explained by 
a deterioration of the AFO’s mechanical function over time. As it is expected that the 
AFO’s efficacy is dependent on the match between the AFO’s mechanical properties and 
patient characteristics, growth and development of the child may also have a significant 
impact on the efficacy of an optimized AFO at follow-up. In other words, the optimization 
of AFO stiffness may be time specific and should therefore be reconsidered when the 
patient’s characteristics change over time.
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acclimatizing to an afO

In chapter VII, we evaluated whether treatment efficacy might also be affected 
by incorporating acclimatization time for the gait pattern to adapt to the mechanical 
constraints of a newly applied AFO. As comparable effects of the AFOs on specific 
gait biomechanics before and after acclimatization were found, we concluded 
that acclimatization time is not required to reliably assess the AFO’s effects on gait 
biomechanics (chapter VII). This finding could be explained by different mechanisms, 
which are related to the nature of the response to the newly prescribed AFO, i.e. whether 
muscle activation is affected by the applied AFO. As studies on the effects of AFOs on 
muscle timing and activation show mixed results[32-34], it was unclear whether the muscle 
activation pattern is affected by AFOs in children with CP.

We hypothesized that an acclimatization time would be required when children 
needed time to adjust their muscle activation (i.e. motor learning) to the mechanical 
constraints as induced by the AFO. As no changes in biomechanical parameters were 
seen after acclimatization in our study, we suggested that children show a biomechanical 
response to newly applied AFO (i.e. no motor learning). This may suggest that muscle 
activation is not affected by the applied AFO. On the other hand, the response to the 

While rigid AFOs are most commonly used in children with CP who walk with 
excessive knee flexion, our results show that a rigid AFO design is not necessarily 
required to improve knee extension in these children. In fact, spring-like AFOs 
are equally effective in achieving knee extension, and can even be more effective 
in a subgroup of children with CP who walk with excessive knee flexion during 
stance. Spring-like AFOs also preserve remaining ankle push-off power, as 
opposed to rigid AFOs, which is likely to be related to the ankle range of motion, 
which is less obstructed by hinged spring-like AFOs. Although our results did not 
unambiguously show that the favorable effects of spring-like AFOs on ankle push-
off power lead to larger energy cost reductions compared to rigid AFOs, they 
suggest that individually optimizing AFO stiffness could be beneficial in terms 
of reducing walking energy cost a subgroup of children with CP. The variety in 
the assignment of an optimal stiffness emphasizes an individual approach to 
AFO prescription in children CP who walk with excessive knee flexion in order to 
maximize treatment efficacy in these children.
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AFO may also be related to muscle force and the level of selective motor control of the 
children. A mechanical constraint induced by the AFO may only lead to improvement 
of gait when the patient has the ability (e.g. sufficient motor control) to adapt his/
her posture and movements accordingly. For example, a rigid AFO applies a force at 
the tibia to reduce knee flexion, but a sufficient amount of muscle force of the hip 
extensors is needed to get the patient in an upright position. Likewise, a spring-like 
AFO may preserve push-off power, but this can only result in a larger step length, and 
accordingly an increased walking speed, when the patient has the control to flex the hip 
and extend the knee joint simultaneously at the end of the swing phase. Although no 
specific inclusion criteria regarding selective motor control or muscle force were defined 
for study participation, the majority of subjects in our study had moderate to good 
selective motor control and sufficient muscle force. Children might therefore have been 
able to immediately adapt their gait pattern (and muscle activation) to the mechanical 
constraints of the AFO. As such, children with lower levels of motor control might need 
time to adapt their gait pattern to the mechanical constraints of the AFO. To confirm the 
exact nature of the response to a newly applied AFO, research on AFOs should include 
assessments of muscle activation.

Acclimatization time to adjust to the constraints as induced by an AFO is not 
required when assessing the effects of a new AFO on gait biomechanics in 
children with CP who walk with excessive knee flexion in stance. 
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MethOdOlOgical cOnsideratiOns

study population

So far, many studies on AFO efficacy in CP included patients presenting with a 
variety of gait patterns without tuning of the AFO’s design or materials to specific gait 
deviations[1,35]. However, to enable a fair evaluation of the effects of AFOs at a group 
level, it is important to select a homogeneous group of children with CP, for which the 
same type of orthosis is prescribed. The in- and exclusion criteria of the AFO-CP trial 
were formulated such that a homogeneous study population could be created, which 
included children diagnosed with spastic CP with a gait type characterized by excessive 
knee flexion. Furthermore, participants were mostly classified as GMFCS II, and showed 
a relatively high baseline (i.e. shoes-only) walking speed of 0.98 m·s-1, indicating that 
participants were moderately affected. Although this homogeneity is considered a major 
strength of the study, it limits the generalizability of the results to CP in general. In other 
words, our results might not be applicable to children with other types of CP or children 
who are presented with other gait deviations.

Despite the homogeneity of our study population, various individual responses to 
the AFO on gait were found (chapter V, VI and VII), reflected by relatively large standard 
deviations around the means. Moreover, results of chapter V showed that one or more 
of the AFOs did not reduce the walking energy cost in some children. While the AFO-
CP study initially aimed to identify factors that could predict AFO efficacy, as has been 
found for other interventions[36-41], our sample size was too small to perform such an 
evaluation. Nonetheless, the results of chapter V indicate that children who show higher 
baseline walking energy cost values show the largest energy cost improvements as a 
result of walking with AFOs. This is likely related to the fact that energy cost levels closer 
to normal can be less reduced compared to higher levels. Nonetheless, specific patient 
characteristics, such as spasticity, selective motor control and physical fitness, possibly 
underlying the higher baseline walking energy cost levels, could also be related to the 
AFO’s efficacy in children with CP.

Mechanics of an adjustable afO

The spring-hinged AFO as used in the AFO-CP study allowed the AFO’s stiffness to be 
varied without the process of making a completely new orthosis. This was considered 
an important advantage, as various possible confounding variables (e.g. differences 
in footplate length or stiffness, neutral angle) could be controlled, and problems with 
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fitting the AFO were kept to a minimum. However, the specific mechanical properties 
of the spring-hinged AFO, as described in chapter IV, implicate a different mechanism 
during walking compared to other AFO designs that hold spring-like properties (e.g. 
dorsal leaf spring AFOs without a hinge at the ankle).

Bregman et al.[18,23] quantified the stiffness of carbon fiber dorsal leaf spring AFOs, 
showing that the relation between ankle angle displacement and exerted net moment is 
linear. In contrast, the springs of the spring-hinged AFO hold a threshold, indicating that 
a certain force is needed to get the spring in its elastic (linear) range. After exceeding 
the threshold, the properties of the AFO change according to the stiffness of the spring 
(see Figure 4.2). As the AFO’s exerted net moment during gait is dependent on the 
stiffness and the deflection angle of the ankle, higher net moments can be achieved 
with stiffer springs within a certain range of motion. Considering the fairly low stiffness 
and limited range of motion of the spring-hinged AFO, a threshold was required to 
achieve sufficient moments from midstance onwards without exceeding normal ankle 
range of motion. In addition to the non-linear behavior within one movement direction, 
the properties towards dorsiflexion and plantar flexion can be independently adjusted  
within the spring-hinged AFO, while carbon fiber dorsal leaf spring AFOs showed a 
similar stiffness towards both these movement directions. The mechanical functioning 
of the spring-hinged AFO towards both movement directions has the advantage that 
it may enhance first and third rocker function, without compromising the AFO’s effect 
on the second rocker. As such, hampering effects of AFOs on ankle parameters can be 
minimized using adjustable AFOs, e.g. the spring-hinged AFO. Furthermore, adjustable 
(stiffness) characteristics within an AFO allow individual tuning to the gait pattern, which 
is promising considering the significance of tuning according to the patient’s specific 
impairments. 

The thresholds and stiffness values as described in chapter IV appeared to be too low 
for optimal performance. While we hypothesized that the threshold of the spring-like 
AFOs could prevent excessive ankle dorsiflexion in the beginning of the stance phase 
up to 0.5 Nm·kg-1, the AFOs only prevented dorsiflexion until 0.3-0.4 Nm·kg-1. Moreover, 
the flexible and stiff AFOs could reach maximum net moments of 18 to 27 Nm, while the 
mean weight of the participant indicates a maximum ankle plantar flexion moment of 
approximately 44 Nm. This was reflected by the gait biomechanics, showing that the 
children used the complete range of motion that was allowed by the settings of the hinge, 
indicating that the second rocker was primarily controlled by the AFO’s dorsiflexion stop, 
and less by its stiffness. Accordingly, it is expected that much higher stiffness values are 
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needed to counteract excessive dorsiflexion in these children when range of motion is 
not controlled by a dorsiflexion stop. Assuming that a maximum dorsiflexion angle of 
15º during stance is accompanied by a net ankle moment of 1.2 Nm·kg-1, a child of 35 kg 
would need an AFO holding a stiffness of 2.8 Nm·deg1 (assuming linear behavior). Lower 
stiffness values could also be considered in combination with a sufficient threshold.

design and measurements

Study design

The design of the AFO-CP trial (chapter II) was based on a baseline measurement and 
a post-intervention measurement where participants served as their own control (i.e. 
a single-subject design). The use of such a design has been advised as it may overcome 
the difficulty of the heterogeneity of CP and could control for confounding factors[1,35,42]. 
In addition, heterogeneity in our study population was minimized by applying very strict 
in- and exclusion criteria. This was necessary to prescribe a similar AFO design and apply 
a general stiffness optimization process to all participants. Although the homogeneity in 
our study population can be considered as a major strength, our strict inclusion criteria 
led to a small sample size that was only half of our estimated sample size (chapter II). 
Most children were excluded based on age and gait pattern.

The study design included an extensive set of outcome measures, of which some 
were repeated multiple times. As such, participation to the AFO-CP trial was physically 
demanding for all participants and their parents. The protocol may therefore have 
introduced a selection bias, as only very motivated AFO users might have been willing to 
participate in the study. This is supported by the fact that only two participants dropped 
out of the study because the measurements were too demanding. 

Including walking with shoes-only as baseline walking condition is another strength 
of our study design. In doing so, we avoided that effects of the footwear were attributed 
to the AFO[1]. The shoes that participants wore at baseline were however different from 
those used while walking with AFOs, as these are mostly a few sizes larger to fit the 
AFOs. Nonetheless, effects of these differences are considered marginal. 
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Walking energy cost measurements as optimization criterion

The energy cost of walking is dependent on a person’s age, weight and height[43-45], 
making it difficult to interpret and compare walking energy cost outcomes between or 
within children[46]. To reduce confounding effects, we used the normalization scheme 
of Schwartz et al.[46] for the selection of the optimal AFO stiffness. This normalization 
scheme results in a non-dimensional speed outcome and a net non-dimensional energy 
cost outcome, where the energy cost was expressed as a percentage of speed-matched 
control cost[47]. This is considered to be the most appropriate outcome parameter to 
compare the walking energy cost of different walking conditions among children. 
Nonetheless, walking energy cost measurements are subject to a relatively large day-to-
day variability, especially in children with CP[48,49]. Subsequently, the variations in walking 
energy cost responses that were measured as a result of modulating AFO stiffness in 
chapter V did not always exceed the smallest detectable change of walking energy cost 
assessments[49]. Variability in, for example, resting energy consumption values may have 
introduced variations that were incorrectly attributed to the AFO. As the selection of 
the most optimal AFO stiffness was based on energy cost measurements in the majority 
of participants, regardless of the magnitude of variety in intra-individual energy cost 
responses, the optimal AFO stiffness could thus have been incorrectly selected in some 
participants. Nonetheless, the individually optimized AFO (chapter VI) did lead to a 
decrease in walking energy cost in 11 out of 14 participants, indicating improvement in 
this outcome in a much larger part of the study population compared to that found in 
other studies[27,28,50,51]. In contrast to current clinical practice, in which gait biomechanics 
primarily define AFO prescription, our results emphasize the use of walking energy 
cost assessments to optimize AFO prescription, although multiple assessments within 
patients should be considered to account for the variability[52].

3D gait analysis measurements in shod conditions

Measuring joint kinematics with 3D gait analysis in a barefoot condition has been 
found to be reliable in healthy subjects[53] and patients with CP[54,55]. However, accurately 
measuring foot and ankle kinematics in a shod condition is a challenge, and becomes 
even more difficult when combining the shoes with AFOs[56]. The inaccuracy of the 
measurements became apparent when interpreting the ankle angle while wearing 
the rigid AFO (chapter III and V). While the rigid AFO aimed to fix the ankle in a neutral 
position, a mean ankle range of motion of 7° was measured (chapter V), which has also 
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been found by other studies measuring ankle kinematics while wearing solid or rigid 
AFOs[30,50,57]. This ankle movement could be attributed to deformation of the AFO[57], 
but movements of different components of the AFO-FC and foot may also explain the 
apparent range of motion. In this context some limitations related to 3D gait analyses for 
assessing ankle kinematics in shod and AFO conditions should be considered.

First, the biomechanical model used in our gait analyses does not allow separate 
measurement of movements of the foot, AFO, and footwear. This limitation has been 
acknowledged in the literature before[56]. Nonetheless, we assumed that the effects of 
movements of different components of the AFO-FC on ankle kinematics were mostly 
negligible in our studies. The custom-made AFOs fitted closely to the patient’s foot, and 
the foot part of the AFO aimed to correct foot deformations, making it plausible that 
movements of the foot within the AFO were minimized. To check for movements of 
the AFO relative to footwear, we compared the trajectory of the virtual calcaneus bone 
marker (i.e. probed on the shoe) expressed in the coordinate system of the foot, based 
on the (technical) foot cluster to the trajectory of the same marker calculated from 
the coordinate system of the shank (including the AFO). As these trajectories largely 
overlapped, movements between the shoe and the AFO were assumed negligible. 

cos( ) sin( )
sin( ) cos( )

α α
α α
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0 0
0

0 0 1 0
0 0 0 1

h
Equation 8.1

As a second limitation, the marker cluster of the foot was attached to the shoe, 
while the bony landmarks of the foot were probed on the shoe, assuming the foot, the 
AFO’s foot and the shoe to be one rigid segment. The coordinate system of the foot 
is conventionally constructed by a horizontal alignment of the bony landmarks on the 
calcaneus and the metatarsal joints I and V in the sagittal plane. The AFO-footwear 
combination however prevents the exact localization of the anatomical structures of 
the foot, but can be approximated using projections of the anatomical structures on 
the shoe. Obviously this introduces some random errors. However, the anatomical 
coordinate system of the foot in a shod condition also shows an offset that is strongly 
determined by the shoe’s heel-sole differential and the height of the shoe sole (chapter 
III). To correct for these offsets in defining the coordinate system of the shod foot, 
we developed the Vertical Inclinometer on a Rail (VICTOR). This device can be used to 
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future research directiOns

 - The study in chapter III showed that the SVA could serve as a control parameter to 
evaluate heel height adjustments applied to an AFO-FC in healthy adults. Future research 
should focus on the association between the SVA and joint kinematics and kinetics in 
pathological gait to assess the potential of the SVA within the target population. 
Furthermore, the potential of other parameters to quantify the alignment of the AFO-
FC, e.g. the roll-over shape, should be evaluated in gait of children with CP.

 - Our results suggest that the improvement of the internal knee joint moment as a 
result of wearing an AFO are primarily defined by the length and stiffness of the footplate, 
and less by the AFO’s stiffness around the ankle joint (chapter III and chapter V). This 
should be confirmed in studies aiming to investigate the effects of different footplate 
characteristics on gait in children with CP.

 - Although we could not show significant differences in walking energy cost between 
rigid AFOs and spring-like AFOs on a group level (chapter V), specific changes in gait 
biomechanics are expected to underlie changes in walking energy cost[28]. Unfortunately, 
our sample size was insufficient to directly investigate such associations. Future research 
should aim to unravel the relation between changes in gait biomechanics and the change 
in walking energy cost after treatment with an AFO in children with CP to get more insight 
in underlying working mechanisms of AFOs, i.e. insight in how an AFO should improve 
gait biomechanics in order to maximize the functional gain for the patient. Such research 
should include a large sample of children with CP, presenting with a wide variation in 
biomechanical gait characteristics. 

measure the heel sole-differential and heel height of the AFO-FC (see Figure 3.1). The 
coordination system of the foot can be defined by applying a transformation matrix 
of the shoe (see Equation 8.1), including the inclination angle caused by the heel-sole 
differential (α) and heel height (h), to the coordinate system of the shoe (i.e. shod 
foot). Although the use of VICTOR will increase the accuracy of calculating ankle flexion-
extension angles during gait, it relies on assuming that effects of the AFO-footwear 
combination can be described in the sagittal plane. 
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 - While our results illustrate that current techniques within the field of orthotics do 
not yet completely meet the requirements for optimal AFO performance (chapter IV and 
chapter V), adjustable AFO’s enable better tuning of the AFO’s mechanical properties to 
the patient’s (gait) impairments and are therefore promising to improve AFO efficacy 
in term. Exact tuning of the threshold and stiffness according to body weight could 
improve the AFO’s effects on the ankle joint kinematics and kinetics, although this should 
be confirmed by research including a larger variety in AFO stiffness degrees, specifically 
stiffness degrees between our stiff (±1.6 Nm·deg-1) and rigid AFO (3.8 Nm·deg-1). 

 - Our results showed that the ankle range of motion in combination with the spring’s 
energy return could improve knee flexion, while the hampering effects on ankle push-off 
power were minimized. Future research should aim to unravel the association between 
ankle range of motion, push-off power, AFO contributions, and the gait efficiency to 
provide further directions for technical developments as to improve the mechanical 
functioning of AFOs to maximize gait efficiency. To this purpose, the effects of different 
AFO settings or designs (e.g. using carbon-fiber AFOs, damping hinges without spring-
like properties, and variations in ankle range of motion) on ankle parameters, in relation 
to changes in walking energy cost should be investigated. 

 - Within our AFO optimization process and its evaluation, we mainly focused on lower 
limb biomechanics, and its relation to the walking energy cost. Although the primary 
aim of an AFO is to improve lower limb biomechanics during walking, movements of 
other segments (e.g. the trunk and arms) may however interfere with the AFO’s efficacy 
on walking energy cost. For example, a rigid AFO may improve knee extension, while 
negatively impacting on balance control[13,58] for which a subject has to compensate, 
therewith increasing walking energy cost. In other words, an AFO that is optimized 
based on lower limb biomechanics may not be optimal on all gait-related features. 
Moreover, the AFOs in our study (chapter VI) were specifically optimized for walking, 
while effectiveness for other relevant daily life activities, e.g. running, standing and 
walking the stairs, should also be considered. Future research should therefore focus on 
the AFOs effects on the body as a whole and on effectiveness of AFOs on other activities 
than walking.

 - Our results showed that specific AFO properties could be beneficial in terms of gait 
biomechanics and/or the energy cost of walking in subgroups of children with CP. It is 
expected that specific patient characteristics underlie the (in)efficacy of AFOs in some 
children. Future research in a larger sample of children with CP is needed to identify factors 
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that can predict the efficacy of an AFO. Furthermore, our study only included children 
with spastic CP walking with excessive knee flexion, therewith limiting generalizability 
to CP in general. Future studies should focus on children with CP presenting other gait 
patterns, to improve AFO treatment efficacy for the CP population as a whole. 

clinical iMplicatiOns

 - Our results indicate that spring-like AFOs improve ankle biomechanics more 
effectively compared to rigid AFOs in children with CP who walk with excessive knee 
flexion, while they comparably improve knee biomechanics in children with CP who walk 
with excessive knee flexion in stance. Clinicians should therefore consider to prescribe 
spring-like AFOs in this specific group of children with CP. When prescribing a spring-
like AFO for this population, it is essential to use a stiff footplate to ensure adequate 
improvements of the knee angle and moment during stance. 

 - The various responses to the different degrees of AFO stiffness emphasize an 
individual approach to AFO prescription in children with CP, which should be guided by 
proper evaluations of the AFO’s  effects on gait. An extensive evaluation on multiple 
aspects of gait, such as performed in the AFO-CP trial, will mostly not be feasible in 
clinical practice. Especially since such evaluations should be repeated for new AFO 
prescriptions as personal and disease characteristics may have changed over time (e.g. 
growth, other applied interventions). However, it is emphasized to evaluate the AFOs’ 
efficacy on a selection of outcome parameters that are significant in the context of the 
clinical indication of the prescription. When an AFO is primarily prescribed to reduce the 
energy cost of walking for example, an evaluation of different degrees of AFO stiffness 
on this outcome measure may maximize the treatment efficacy. It is not feasible to 
evaluate multiple AFO stiffness levels in each patient in clinical practice. Therefore, the 
efficacy of AFO prescriptions should be continuously evaluated on multiple outcome 
measures in clinical practice. A structured, long-term evaluation may enable to identify 
key features that could guide the prescription process, which could improve the efficacy 
of AFO prescription in CP.

 - Our results showed that an extensive acclimatization period to a newly prescribed 
AFO is not required to reliably assess its effects on gait biomechanics. For clinical practice, 
individually tuning the AFO’s mechanical properties to the patient’s characteristics, 
based on an immediate evaluation of the effects on gait as assessed in the laboratory, is 
therefore advised.
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 - As the alignment of the AFO-FC is essential for adequate mechanical functioning, an 
evaluation of this alignment using gait analysis is advised. Although the SVA could be used 
as a parameter to evaluate the alignment of the AFO-FC, the use of the representation 
of the ground reaction force in the process of AFO alignment is emphasized in children 
with CP who walk with excessive knee flexion.

 - Unambiguously quantifying the AFO’s mechanical properties (e.g. stiffness) during 
the process of prescribing an AFO could facilitate orthotics and physicians in their 
decision-making process, and may serve as a quality check of the prescribed AFO. This 
will contribute to improving AFO prescription in children with CP in term.
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