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Abstract
Abnormal within and across-joint synergistic behaviors have been reported in the lower limb post
stroke. It is unknown, however, whether these impairments limit adaptive movement strategies in
response to imposed kinematic constraints. In this context, the goal of this pilot study was to
examine changes to three-dimensional swing phase kinematics of the paretic hip, knee, and ankle
joints and pelvis induced by AFO use in subjects with chronic stroke. Overground gait analysis
was performed on 9 ambulating hemiplegic subjects with and without their AFOs. Both the toeoff
and peak ankle dorsiflexion angles were significantly decreased in the no AFO condition.
Likewise, the peak and toeoff swing phase pelvic obliquity angles significantly increased when the
AFO was removed (6.47° (2.0 SD) vs. 8.16° (2.8 SD), paired t-tests, p = 0.03 and 0.8° (3.1 SD) vs.
2.9° (1.1 SD), paired t-test, p = 0.02, respectively). These behaviors were consistent across
subjects (7 of 9 subjects). The hip frontal plane, and hip and knee sagittal plane kinematics were
unaffected by removal of the AFO. Finally, the minimum toe clearance was not affected by the
removal of the AFO (1.39 cm ± 0.62 SD vs. 1.27 cm ± 0.47 SD, p > 0.05). Taken together, these
findings suggest that pelvic obliquity is the primary compensatory degree of freedom utilized to
achieve toe clearance in response to impaired dorsiflexion in the stroke population. We propose
that this degree of freedom is exploited as it is not constrained by synergistic torque coupling of
the lower limb.
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1. Introduction
An estimated 20% of stroke survivors suffer from spastic drop foot, the inability to dorsiflex
the foot which can lead to insufficient toe clearance during the swing phase of gait [1,2].
Consequently, ankle-foot orthoses (AFOs) are commonly prescribed to address the resulting
body segment alignment and ankle joint motion [3]. The biomechanical implications of
AFOs to moderately impaired subjects, however, are somewhat ambiguous. For example,
benefits such as reduced metabolic demands [4,5] and improved self-reported confidence
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[6,7] while walking with AFOs have been observed in the chronic stroke population.
However, inconsistent or insignificant alterations to spatial, temporal, and sagittal plane
kinematic gait variables have hindered understanding of the biomechanical foundation
underlying these benefits. Specifically, conflicting effects of AFO use on gait symmetry [8–
10] and speed [7,11–13] have been reported, with the significant increases in gait speed
failing to reach a level of functional improvement (increase of 20 cm/s) [14,15]. Moreover,
only minimal adaptive changes to sagittal plane kinetics and kinematics at the hip and knee
joints have been observed [11,13]. To achieve toe clearance despite impaired ankle
dorsiflexion, individuals with stroke often employ hip hiking (defined as excessive up pelvic
obliquity [16,17]) and circumduction (defined as excessive hip abduction angle, although
this definition is currently debated [16,17]) strategies. However, the relative contribution of
these two components to compensatory behavior is unclear.

In an earlier study, we reported that subjects with chronic stroke displayed within and
across-joint torque synergies characterized by abnormal hip adduction and knee extension
torque coupling and direction specific hip torque weakness [18]. Furthermore, these
synergies appear to be strongly associated with kinematic deviations observed during
overground walking [19], such that the more pronounced the torque synergies, the greater
the observed kinematic deviations. It is unknown, however, if adaptive movement strategies
in response to imposed kinematic constraints include motions associated with the observed
torque synergies. If changes are observed, one could argue that kinematics at these joints are
not constrained by underlying torque synergies. In this context, this pilot study will quantify
adaptive changes in the three-dimensional kinematics of the paretic lower limb and pelvis of
daily AFO users walking with and without their orthoses. While investigating adaptations
under a more demanding task, such as obstacle negotiation or ground removal, would be in
accordance with previous perturbation studies, we argue that this experimental paradigm
constitutes a functionally relevant perturbation.

Consistent with previous investigations [20], we hypothesize that sagittal plane hip and knee
flexion angles during swing will be unaffected by the use of AFOs. We also hypothesize that
pelvic obliquity will be the primary compensatory action to achieve toe clearance in the
absence of sufficient dorsiflexion provided by the AFO. Moreover, this compensatory action
will be fine-tuned to maintain the minimal toe clearance level consistent with the AFO
condition [21]. Given that the adaptive kinematics are proposed to be restricted to the frontal
plane, we expect AFO usage to have minimal effect on spatial temporal properties of gait.

2. Methods
2.1. Subjects

Nine chronic ambulating hemiplegic cortical stroke subjects (7 males, 6 right hemiplegics)
who use their AFOs daily were tested (age 51 years (SD 10.2), time post stroke 50.2 months
(SD 39.9), height 177.7 cm (SD 13.3), and mass 83.6 kg (SD 21.3)). Subjects used their
personal AFOs made from plastic copolymers (3 solid, 6 hinged). Lesion location was
confirmed by imaging, with no evidence of brainstem, or cerebellar damage. Subjects were
excluded if they could not walk at least 10 m overground without physical assistance or if
their gait speed was >1.0 m/s, indicating a near full recovery of velocity. Exclusion criteria
consisted of significant cardiorespiratory or metabolic disease including untreated cardiac
failure, diabetes, or hypertension, and a history of previous orthopedic or neurological
conditions which may limit walking ability.

2.2. Data collection
Overground gait analysis was performed using an eight camera motion capture system
(Motion Analysis Corp, Santa Rosa, CA, 120 Hz) by tracking the three-dimensional (3D)
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motion of one inch, retro reflective markers affixed to the pelvis, thighs, shanks, and feet.
Specifically, markers were placed on the posterior sacrum, the bilateral ASIS, medial and
lateral femoral condyles, medial and lateral malleoli, posterior heel counter of the shoe, and
dorsally over the second metatarsal head to identify segment ends. The motion of the thighs
and shanks were tracked by three markers rigidly affixed to thermoplastic shells, which were
in turn wrapped securely to the thighs and shanks. Subjects were asked to walk at their
comfortable, self-selected pace across a ten meter walkway, first with their AFOs, then
without their AFOs. No additional walking aids (canes or walkers) were used. A minimum
of five trials were collected per condition, and subjects were given a five minute seated
break between the AFO and non-AFO conditions.

2.3. Data processing
The marker trajectories were identified and low-pass filtered (6 Hz) to track the 3D motion
of the pelvis and lower limb segments using EvaRT software (Motion Analysis Corp). The
calibration error of the motion capture system was <1.0 mm. The relative positions and
inter-segmental joint angles were calculated using a rigid body analysis [22]. Pelvic, hip,
and knee 3D joint angles were normalized to stride cycle and averaged across strides using
OrthoTrak 6.2.4.

2.4. Outcome measures and statistics
The kinematic variables (hip and knee flexion, ankle dorsiflexion, pelvic obliquity, and hip
abduction angle) were assessed at discrete, subject-specific time points for the paretic limb.
The peak swing phase angles were selected to reveal the greatest potential change with AFO
use. These angles were also assessed at the initiation of swing (toeoff), as modeling studies
have shown the importance of initial conditions for determining swing phase outcomes [23].
Spatial and temporal variables were calculated, including gait speed, step width, step length,
and swing time, and normalized to subject height. Finally the minimum amount of toe
clearance achieved during swing, as determined by the vertical displacement of the second
metatarsal marker, was measured to assess potential changes in effective leg length [21].
Statistical analysis was performed using NCSS (2004). Paired t-tests were used to identify
differences between conditions (p < 0.05, α = 0.05). Non-parametric analysis (Wilcoxon
signed-rank test) was used for non-normal distributions.

3. Results
Significant differences in pelvic obliquity and ankle dorsiflexion angles were observed
between the AFO and no AFO conditions (Fig. 1 and Table 1). Specifically, the peak swing
phase pelvic obliquity angle significantly increased from 6.5° (2.0 SD) to 8.2° (2.8 SD)
(Wilcoxon ranked sign test, p = 0.03) when the AFO was removed, while the peak swing
phase dorsiflexion angle significantly decreased (−1.9° (SD 6.3) vs. 4.6° (SD 4.5), paired t-
test, p = 0.01). At toeoff, the mean and standard deviation of the pelvic obliquity in the AFO
condition was 2.9° and 1.1, respectively. A paired t-test revealed that this amplitude is
significantly different (p = 0.02) than the corresponding values 0.8° (SD 3.1) observed
during the no AFO condition. Likewise, at toeoff the ankle dorsiflexion angle was
significantly greater in the AFO condition compared to the no AFO condition (7.9° (SD 5.3)
vs. 10.1° (SD 6.0)). These behaviors were consistent across subjects with 7 of the 9
participants displaying increased pelvic obliquity and decreased ankle dorsiflexion when the
AFO was removed.

On the contrary, the paretic limb hip frontal plane behavior was not impacted by the use of
AFOs (Fig. 2 and Table 1). There was neither a change in peak swing phase paretic hip
abduction/adduction angle (2.0° (SD 2.3) vs. 2.6° (SD 2.5), p = 0.95), nor a change to
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paretic hip joint angle at toeoff (−4.0 (SD 5.1) vs. −3.4 (SD 4.0), p = 0.63) when the AFO
was removed.

The swing phase sagittal plane kinematics at the knee and hip joints were also unaffected by
removal of the AFO (Table 1). Specifically, the hip flexion angles were not significantly
different between the AFO and no AFO conditions neither at peak swing phase (29.6° (SD
11.6) vs. 27.9° (SD 11.1), p = 0.20), nor at toeoff (1.7° (SD 10.4) vs. (3.3° (SD 11.1), p =
0.22). Similarly, the knee flexion angle at peak swing phase (19.3° (SD 12.4) vs. 14.4° (SD
11.8), p = 0.25) and toeoff (31.9° (SD 7.72) vs. (27.7° (SD 13.23), p = 0.32) were not
significantly different across conditions.

The minimal amount of toe clearance was not affected by the removal of the AFO (1.39 cm
± 0.62 SD vs. 1.27 cm ± 0.47 SD, p > 0.05, Fig. 3 for example data). More specifically, the
upstream kinematics of the paretic limb were adjusted to maintain the same level of minimal
toe clearance when the AFO was removed.

Minimal changes to spatial variables were observed when the AFO was removed (Table 2).
The normalized overground gait speed was not significantly different between AFO and no
AFO conditions (0.42 (SD 0.07) vs. 0.39 (SD 0.08); p = 0.19). There were also no
differences in normalized step width (0.12 (SD 0.03) vs. 0.13 (SD 0.03) p = 0.22).
Differences were, however, observed in the step length of the non-paretic limb, which was
significantly shorter when the AFO was removed (0.24 (SD 0.06) vs. 0.27 (SD 0.06), p =
0.03). This influence did not extend to the paretic limb step length, which was not affected
by the no AFO condition (0.29 (SD 0.05) vs. 0.31 (SD 0.05), p = 0.30.) The removal of the
AFO did not affect the temporal gait variable (% swing time) of either the paretic (47.65%
(SD 4.6) vs. 46.15% (SD 3.5)) or non-paretic limb (31.02% (SD 2.9) vs. 30.95% (SD 3.7)).

4. Discussion
This work explored the effects of AFO use on frontal and sagittal plane kinematics of the
paretic limb in the chronic stroke population. Our findings indicate that increased peak and
toeoff pelvic obliquity of the paretic limb were used to maintain constant minimum toe
clearance during swing in response to decreased ankle dorsiflexion in the absence of AFOs.
At the same points in the gait cycle, the corresponding knee and hip sagittal plane and
frontal plane hip angles were unaffected. Furthermore, the compensatory pelvic obliquity
resulted in the consistent minimal toe clearance when the AFO was removed.

The adaptation of pelvic obliquity, combined with the absence of kinematic changes at the
hip and knee joints, may be reflective of the available motor control options post-stroke.
Specifically, a failure to compensate for impaired ankle dorsiflexion through increased knee
or hip flexion angle may be due to abnormal synergistic coupling of the hip and knee joints,
clinically defined as extension (hip adduction, extension and internal rotation coupled with
knee extension) and flexion (hip flexion, abduction, and external rotation coupled with knee
flexion) synergies [18,24]. These synergies reduce the motor system’s ability to manipulate
individual degrees of freedom in response to kinematic constraints. Indeed, our previous
work has found statistical associations between torque synergies and abnormal pelvic
obliquity behavior [19]. The exploitation of an additional degree of freedom beyond those
constrained by synergies found here is similar to reports from upper limb reaching
movements in which trunk lean is recruited to compensate for impaired shoulder and elbow
coordination in stroke subjects [25]. In the presence of an AFO, however, the motor system
may limit pelvic obliquity to reduce the metabolic [4,5] and energetic [13] demands of
walking.
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Proprioceptive impairments have been suggested as one of the factors contributing to
abnormal motor control behaviors post-stroke [26,27]. To the contrary, our data revealed
that compensatory adaptations maintained similar toe clearance with and without AFO.
Furthermore, the amplitude of the minimum toe clearance observed in the stroke group was
consistent with those reported in healthy control subjects (1.39 cm ± 0.62 vs. 1.29 cm ± 0.45
[21]). These findings may be interpreted as a demonstration of spatial awareness of the
lower limb during gait by stroke subjects.

Plantarflexion power at the initiation of swing, or pushoff, has been shown to significantly
contribute to the forward progression of the body during healthy gait [28]. As such, it has
been suggested that the reduction in pushoff is one of the limiting factors to maximal
walking speed post stroke [29]. In the context of this study, we propose that AFO use may
be considered an experimental model that largely eliminates the contribution of
plantarflexors to pushoff. The insignificant changes to preferred walking speed with and
without AFO found in this investigation suggest that plantarflexors have little influence on
pushoff and gait speed after stroke. This finding, however, is in contrast to existing literature
[15]. This disparity may be due to differences in normalization strategies. We repeated our
analysis with non-normalized gait speed (m/s) and no statistical difference was found
between conditions. While statistical significance of gait speed as a function of AFO use has
been reported, the magnitude of these changes do not constitute a functional improvement
[14]. Therefore plantar-flexion power may restrict maximal gait speed, but it appears to have
a limited role in determining preferred gait speed post stroke [29,30].

Despite the potential influence of AFO use on gait stability, little change was observed in
the base of support (as defined by the step length and width) between conditions. The
observed increase in non-paretic step length is consistent with reports that stride length may
be longer with AFOs than without [15], although the breakdown of paretic and nonparetic
step length has not previously shown significant differences [7]. The consistent paretic step
length and step width across conditions suggests that the AFO use does not affect paretic
foot placement. This further supports the assertion that only swing phase changes to the limb
were affected at the pelvis and ankle.

The major limitation of this study is the relatively small sample size (n = 9), which may
have contributed to the insignificant difference in gait speeds observed across conditions. A
second limitation was the non-randomization of gait conditions, as the AFO condition was
tested first for all subjects. Fatigue, however, is not thought to influence the outcomes, as
experiment time was brief and subjects were given rest between trials and conditions.
Finally, the type of AFO was not consistent across subjects. Given the swing phase focus of
this investigation, differences in AFO type are not anticipated to influence results because
both hinged and solid AFOs prevent excessive plantar-flexion during swing.

Clinically, the adaptation of the pelvic movement to maintain constant toe clearance
suggests that hip hiking may not be an intrinsic motor change resulting from stroke, but
rather the primary compensatory motion. This compensatory adaptation may be largely
constrained by the abnormal torque synergies observed in the lower limb post stroke [18].
Therefore, a rehabilitation strategy designed specifically to reduce synergistic within and
across joint coupling may lead to significant changes in locomotor behaviors after stroke.
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Fig. 1.
Pelvic obliquity of the paretic limb. Up (+)/Down (−). Vertical line indicates toeoff.
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Fig. 2.
Hip frontal plane angle of the paretic limb. Adduction (+)/Abduction (−). Vertical line
indicates toeoff.
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Fig. 3.
Example of toe clearance from one stroke subject. Double arrow indicates the minimum
vertical displacement of the paretic limb. Toeoff to Heelstrike.
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Table 1

Frontal and sagittal plane gait kinematics.

No AFO mean (SD) AFO mean (SD) P-value

Frontal plane

 Pelvic obliquity angle† 2.9 (1.1) .8 (3.1) .02*

 Peak pelvic obliquity angle 8.2 (2.8) 6.5 (2.0) .03‡

 Hip abduction angle† −4.0 (5.1) −3.4 (4.0) .63

 Peak hip abduction angle 2.0 (2.3) 2.6 (2.5) .95

Sagittal plane

 Hip flexion angle† 3.3 (11.1) 1.7 (10.4) .22

 Peak hip flexion angle 27.9 (11.1) 29.6 (11.6) .20

 Knee flexion angle† 19.3 (12.4) 14.4 (11.8) .25

 Peak knee flexion angle 31.9 (7.7) 27.7 (13.2) .32

 Ankle dorsiflexion angle† 7.9 (5.3) 10.1 (6.0) .02*

 Peak ankle dorsiflexion angle −1.9 (6.3) 4.6 (4.5) .01*

Up pelvic obliquity, hip adduction, hip flexion, knee flexion, and ankle dorsiflexion are defined as positive (+).

*
Statistically significant differences between AFO and non AFO conditions by paired t-test.

†
 Calculated at toeoff.

‡
Statistically significant differences between AFO and non AFO conditions by Wilcoxon signed-rank test.
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Table 2

Gait speed, step width and step length variables are normalized to height (mean and SD).

No AFO AFO P-value

Gait speed (s−1) .39 (.08) .42 (.07) .19

Step width .13 (.03) .12 (.03) .22

Paretic step length .29 (.05) .31 (.05) .30

Non-paretic step length .24 (.06) .27 (.06) .03*

Paretic swing time (% gait cycle) 47.65 (4.6) 46.15 (3.5) .16

Non-paretic swing time (% gait cycle) 31.02 (2.9) 30.95 (3.7) .95

*
Statistically significant differences between AFO and non AFO conditions by paired t-test.
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