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Abstract

Following stroke, aberrant three dimensional multijoint gait impairments emerge that present in

kinematic asymmetries such as circumduction. A precise pattern of cross-planar coordination may

underlie abnormal hemiparetic gait as several studies have underscored distinctive neural

couplings between medio-lateral control and sagittal plane progression during walking. Here we

investigate potential neuromechanical constraints governing abnormal multijoint coordination

post-stroke. 15 chronic monohemispheric stroke patients and 10 healthy subjects were recruited.

Coupled torque production patterns were assessed using a volitional isometric torque generation

task where subjects matched torque targets for a primary joint in 4 directions while receiving

visual feedback of the magnitude and direction of the torque. Secondary torques at other lower

limb joints were recorded without subject feedback. We find that common features of cross-planar

connectivity in stroke subjects include statistically significant frontal to sagittal plane kinetic

coupling that overlay a common sagittal plane coupling in healthy subjects. Such coupling is

independent of proximal or distal joint control and limb biomechanics. Principal component

analysis of the stroke aggregate kinetic signature reveals unique abnormal frontal plane coupling

features that explain a larger percentage of the total torque coupling variance. This study supports

the idea that coupled cross-planar kinetic outflow between the lower limb joints uniquely emerges

during pathological control of frontal plane degrees of freedom resulting in a generalized

extension of the limb. It remains to be seen if a pattern of lower limb motor outflow that is

centrally mediated contributes to abnormal hemiparetic gait.
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Introduction

Following stroke, the emergence of aberrant stereotypical three dimensional (3D) gait

impairments become evident. Yet previous research has traditionally limited the study of

contributions to asymmetric gait to isolated single joint deficiencies. For example putative

mechanisms to compensate for paretic ankle plantarflexion weakness (Dietz et al. 1981;

Higginson et al. 2006), impaired knee flexion weakness and velocity (Goldberg & Anderson

2004), and over activity of hip flexors (Sung et al. 2000, Piazza & Delp 1996) have been

extensively investigated. Similar studies have focused their investigation to exclusively

sagittal plane mechanics for specific gait rehabilitation outcome measures (Jonkers 2009;

Daly 2004). However the unique 3D observations of post-stroke gait abnormalities include

impaired dynamic coupling between multiple lower limb joints across sagittal and frontal

planes such as circumduction (Kerrigan et al. 2001). It is not known if a basic pattern of

lower limb motor outflow that is centrally mediated underlies an impaired coordination

pattern.

The ability to meet the biomechanical demands of gait following stroke may be neurally

constrained to produce a precise pattern of cross-planar multijoint coordination. More

specifically, sensitivity to frontal plane control may potentially be especially salient as

several lines of investigation have underscored distinctive cross-planar couplings between

medio-lateral (ML) control and sagittal plane progression during normal walking

(Mackinnon & Winter 93). Both experimental (Cruz & Dhaher 2008, Rogers et al 2004) and

simulation data (Allen et al 2013, Finley et al 2008) have implicated distinctive cross-planar

neural couplings as potential contributors to stroke gait pathologies. Evidence for reciprocal

heteronymous reflex meditated connectivity between hip adductors and knee extensors are

observed when single joint angular perturbations were separately applied to the hip and knee

(Finely et al. 2008). Frontal plane hip abduction in stroke gait is persistently observed even

after applying assistive knee flexion torque (Sulzer et al 2009). This suggests that paretic

frontal plane movements are a potential reflection of altered neural constraints rather than

the result of voluntary kinematic compensations. Key experimental evidence from healthy

subjects also show that lower limb sagittal plane muscles RF and VL make contributions to

frontal plane hip acceleration (Hunter et al. 2009). Coupling of cross-planar kinetic outflow

is further supported by modeling studies that demonstrate how muscles that primarily

contribute to anterior-posterior (AP) COM acceleration also contribute to the ML

acceleration (Pandy et al. 2010). It remains to be seen whether the pathological engagement

of control of frontal plane mechanics leads to the emergence of unique neural couplings.

Accordingly we hypothesize that previously highlighted evidence of cross-planar couplings

is reflective of a more generalized kinetic constraint across multiple joints in the lower limb.

This work seeks to explicitly quantify post-stroke lower limb kinetic outflow by identifying

preferences in a volitional torque production during a graded target matching task. 3D
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modeling has shown that while stability control of the sagittal plane in normal walking can

be largely accounted for by the passive mechanics of the limb, active control is required to

maintain stability in the frontal plane (Bauby et al. 2000; O’Conner et al. 2009). We further

explore this by testing the hypothesis that engaging biomechanical demands in the frontal

plane leads to the emergence of aberrant kinetic constraints across multiple lower limb joints

that are independent of limb biomechanics. Characterizing the differential effects of

abnormal torque patterns and strength impairments may improve clinical treatment of gait

dysfunction. Interventions targeting multisegmental abnormalities may facilitate functional

improvements in post-stroke gait dysfunction.

Methods

Subjects

A total of 25 participants (Table 1) were recruited for this study including 15 with a single

unilateral stroke and 10 unimpaired age-matched control subjects. All subjects gave written

informed consent. The study was approved by the Northwestern University Review Board.

Impaired subjects presented with right side hemiparesis. A licensed physical therapist scored

each subject for a variety of clinical tests (Table 1). All subjects were able to walk 5 meters

without assistance and had no history of orthopedic injury or surgery to their lower limbs.

Experimental Set-Up

Subjects were secured in a motorized, instrumented exoskeleton (Lokomat; Hocoma, Zurich,

Switzerland) and isometrically locked in 2 different gait specific postures. The dimensions

of the orthosis were adjusted for each participant to align the orthosis joint centers with

those of the subject (Figure 1). The subject’s lower extremities were secured to the orthosis

via cuffs instrumented with 4 total six-degree-of freedom (DOF) load cells (JR3, Woodland,

CA) to measure the interaction forces and moments of the paretic test limb. The test limb

was completely unloaded by the Lokomat such that subjects did not have to actively support

the limb during torque production.

Protocol

Subjects produced voluntary isometric torques in 4 directions at a primary lower limb joint

corresponding to both sagittal plane and frontal plane targets at the hip and ankle. The hip

targets are flexion, extension, abduction, and adduction. The ankle targets are dorsiflexion,

plantarflexion, eversion, and inversion. Subjects received instantaneous visual feedback of

the primary joint torque produced (Figure 2). The torques generated at each joint were

calculated from thigh, shank, and ankle load cell signals using static equilibrium equations.

While the subject matched target torques at the primary joint, secondary torques produced at

the other joints across planes were recorded simultaneously. Specific instruction regarding

the kinetic outflow at the secondary joints would have confounded the ability to investigate

the intrinsic across-joint coupling. Feedback of secondary joint torque output was not

provided.

The experimental protocol consisted of two parts: In part 1, maximum voluntary torque

(MVT) produced at the hip (MVHT), knee (MVKT), and ankle (MVAT) were recorded
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along the 4 directions in the sagittal and frontal planes. Only knee sagittal plane torques

were recorded. In part 2 isometric subjects performed torque target matching at either the

hip or the ankle joints for a normalized percentage of MVT. Subjects were presented with

targets in randomized order of the 4 directions and were instructed to match primary joint

target torques within ±5% of the torque magnitude and hold for a minimum of 200ms for a

successful trial.

To investigate the influence of supraspinal drive, two levels of randomized target torque

magnitude, 20% and 40% of MVT for the primary joint were tested. To investigate the

influence of biomechanics, 2 different gait specific postures were examined. In the toeoff

posture (TO) the lower limb was rigidly locked at 15° hip extension, 45° knee flexion, and

90° ankle dorsiflexion (Winter 84). For the midswing posture (MS), the lower limb was

rigidly stabilized at 10° hip extension, 65° knee flexion, and 90°ankle dorsiflexion (Winter

84). MVTs were recorded for each target direction for each posture.

Characteristic Kinetic Signature Calculations

Representative kinetic joint coupling pattern matrices that characterize an aggregate

signature of observed primary to secondary joint torque generation patterns were constructed

for each subject and averaged over the stroke and control groups separately (Figure 3). Each

ith column vector corresponds to the joint torques produced for a given primary volitional

input torque at the primary joint. Each i,jth entry represents the corresponding secondary

torques at the other joints normalized to MVT. Thus the kinetic coupling matrix represents

an array of volitionally matched primary input joint torques to secondary torque coupling

profiles across multiple inputs.

To examine the statistical differences between the kinetic joint coupling pattern matrices in

each population, a non-paired t-test was applied to each array cell across the averaged

kinetic pattern matrix for each posture. By applying a t-test to the (1,5)th cell, we test the

hypothesis of a significant difference between control and stroke groups in the normalized

secondary hip flexion output torque generated during an ankle dorsiflexion primary input

torque. Each cell of the array represents a separate hypothesis of a significant difference for

each primary input torque to secondary torque output parameter. The resulting matrix is

referred to as the distinct stroke kinetic signature (Figure 4).

Principal Component Analysis

Principal component (PC) analysis was used to extract the underlying multijoint kinetic

patterns that account for a significant portion of the variance in the torque matrix. We first

computed the covariance matrix of the aggregate population torque signature for each

condition. The first two eigenvectors of this matrix, rank ordered according to their

associated eigenvalues, correspond to the PCs orthogonal directions of maximum variance

in the 12 dimensional torque workspace (4 DOF at the ankle and hip, 2 DOF at the knee).

The percentage of the total variance accounted for by each PC is represented by the

associated eigenvalue. We compare the first 4 PCs of each population’s kinetic signature by

computing the vector projection for each condition.
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Results

Strength Comparison

For the MS posture, mean MVAT sagittal plane production during dorsiflexion and

plantarflexion for the stroke population was significantly smaller than controls (p = 0.0007

& p = 0.002). There was no statistical difference in the mean frontal plane MVAT for

inversion and eversion. Mean stroke MVKT production was significantly reduced for knee

flexion at TO only (p = 0.0261) and was not significantly different between groups for knee

extension for either posture. Mean MS MVHT production for frontal plane hip torque was

significantly smaller for both adduction and abduction (p = 0.00365 & p = 0.00127). Sagittal

plane MVHT in MS was significantly smaller in the stroke population for hip extension (p =

0.0302) but not for hip flexion. Ratios of the average stroke to control MVT for each

primary input torque objective are shown along the diagonal of the kinetic signature matrix

(Figure 4).

Distinct Stroke Kinetic Signature

The torque pattern matrix (Figure 3) represents a visual integrated summary of the averaged

kinetic outflow patterns for the various tasks in the MS posture at 40% of MVT. Statistically

significant differences between the aggregate kinetic signatures for each group can be

visualized in a matrix representing the distinct stroke kinetic signature (Figure 4). The

yellow highlighted i,jth elements in the matrix represents statistically significant differences

in the primary input to secondary torque output cell values between each population (p <

0.05) in the MS posture at 20% MVT.

Across Joint Coupling

Cross-planar Coupling: Ankle & Knee Midswing—Stroke subjects coupled frontal

plane primary ankle torque production with sagittal plane secondary knee torque production.

During a primary inversion torque target matching, stroke subjects exerted a significantly

larger secondary knee flexion torque than control subjects (p = 0.027). Furthermore stroke

subjects exerted a significantly larger secondary knee extension torque during eversion (p =

0.0065). Control subjects did not produce a frontal plane torque statistically different from

zero (p > 0.05).

Cross-planar Coupling: Ankle & Hip Midswing—During plantarflexion torque

matching, the stroke population produced significantly greater secondary adduction torque

(p = 0.046) than control subjects. During adduction, stroke subjects produced statistically

greater secondary plantarflexion torque (p =0 .034) Control subjects failed to couple

adduction with plantarflexion in any primary joint matching task.

Stroke subjects produced a significantly greater coupling between primary inversion and

secondary hip flexion than control subjects (p = 0.0005). In control subjects hip torque

production was not statistically different from zero (p > 0.05) during inversion. During

primary hip flexion, stroke subjects produced a significantly greater inversion torque (p =

0.0413). Control subjects did not produce a frontal plane torque statistically different from

zero (p > 0.05).
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Stroke subjects additionally coupled primary eversion torque with secondary hip extension
with significant difference between groups (p = 0.0078). Control subjects produced a

significantly smaller non-zero hip frontal plane torque. Coupling of hip extension with

secondary eversion approached significance (p = 0.0897) in the stroke group (Figure 7).

Sagittal Plane Couplings: Midswing—Both groups coupled secondary knee extension
during primary plantarflexion torque matching with non-significantly different means. Both

cohorts exerted a non-significantly different knee flexion torque during dorsiflexion.

Between the ankle and hip joints, both populations produced hip flexion during

dorsiflexion target matching with no significant difference in means. Both groups also

produced secondary hip extension during plantarflexion with no significant difference in

the mean secondary torque values. While no statistical significance is found for sagittal

plane kinetic patterns, stroke subjects produced larger secondary sagittal plane torques.

Volitional Level

Varying the magnitude of the primary target match torque from 20% to 40% MVT did not

change the distinct stroke kinetic signature in the MS posture (Figure 5).. Similar features of

cross-planar coupling elements scaled with increasing target magnitude. Each element in the

stroke kinetic matrix retained all significantly different secondary torque coupling patterns

between groups at each MVT target levels (p < 0.05). Chi-square (χ2) analysis reveals a non-

significant effect (p > 0.05) of torque magnitude (20/40% MVT) on secondary hip torque

direction during primary ankle eversion (p = 0.31) and inversion (p = 0.14) in MS.

Toeoff vs. Midswing

The 3-D kinetic coupling patterns calculated for each gait posture were similar. Figure 4

displays an overlaid representation of the stroke kinetic signature for each posture at 40%

MVT. All of the elements in the torque pattern matrix for TO remain significantly different

from the control group across postures except two: primary hip extension with inversion and

primary dorsiflexion with adduction. Even though these two elements are only significant in

TO, they retain similar connectivity patterns irrespective of posture (Figure 7).

Discussion

The present study highlights evidence of cross-planar couplings in the post-stroke lower

limb that are potentially reflective of a more generalized kinetic constraint across multiple

joints. By measuring volitional torque patterns at discrete gait postures, we extracted a

characteristic torque pattern signature. This matrix represents a visual integrated summary of

the characteristic kinetic outflow patterns for a variety of isometric single joint control

objectives. These findings corroborate others that identified abnormal torque coupling in the

upper limb (Bourbonnais et al. 1989; Dewald et al. 2001) and lower limb (Cruz et al 2008).

Although Neckel et al. 2006 found no evidence for synergistic lower limb torque patterns,

only the foot was rigidly fixed with torque measured from a single load cell at the heel

allowing subjects to potentially invoke stabilization strategies. While coupling of

stereotypical impaired upper limb movements have been analyzed (Beer et al 1999, 2007)

along with postural dependence (Ellis et al 2007), multi-joint coordination in the post-stroke
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lower limb has not yet been systematically evaluated. Here we examine unique cross-planar

kinetic coupling features of abnormal multijoint coordination post-stroke and discuss

potential implications to hemiparetic gait dysfunction. Elucidating the differential effect of

strength and kinetic coupling may provide a useful framework in optimizing rehabilitation

strategies.

Coupling Independent of Biomechanics

It may be argued that the observed coupling may arise exclusively from limb mechanics.

The moment arms of the muscles spanning two adjacent joints could yield a mechanical

coupling signature independent of any neural component. Yet we observe stability in the

sign and magnitude of the crossplanar torque coupling features even as the connective tissue

moment arms change with posture. These same features retain statistical significance across

postures.

Moreover we observe coupling between non-neighboring joints, where the confound of

mechanical coupling is eliminated. Significant coupling between the ankle and hip is

observed exclusively in stroke. Although anatomically unconnected, ankle frontal plane and

hip sagittal plane torque production is tightly coupled (Figure 4). Furthermore if purely

biomechanical factors account for the observed coupling, we would expect adduction

torques to be exaggerated in MS (Cruz et al. 2008) leading to secondary MS adduction

torque bias. Our study fails to observe this feature but instead finds consistent secondary

adduction torque bias during frontal plane ankle torque production across postures. Thus

mechanical coupling is not sufficient to account for the robustness of the kinetic patterns.

Strength Contributions

It is plausible that strength imbalances in the corresponding musculature can account for the

coupled kinetic output observed in the stroke group (Lum et al. 2003). Earlier studies

emphasized the contributions of muscle weakness to post-stroke gait dysfunction (Adams et

al. 1990; Nadeau et al. 1999). The subjects tested could have entrained a particular pattern of

kinematic compensation throughout their recovery period such that certain kinetic patterns

become enforced. If so, we would expect the MVT strength ratios for both agonist and

antagonist muscles to significantly bias the observed coupling when gait posture is

manipulated. Yet while postural changes appropriately scaled the MVT hip strength ratios

(Figure 4), it did not elicit new torque coupling patterns. All the elements of the kinetic

signature with the exception of only 2 achieve significance across gait postures.

Interestingly, we also observe a reciprocal feature of the coupling signature that persists

independent of proximal or distal joint control (Figure 6) there are differences in joint

strength. Furthermore χ2 analysis confirms no significant effect of torque magnitude on

aberrant coupling. These results support the hypothesis that the observed coupling is not

associated with a specific pattern of peripheral strength imbalances shared by the tested

stroke subjects but more likely due to central neuromechanical constraints

Motor impairments underlying post-stroke gait dysfunction

There are many factors that contribute to pathological stroke gait including exaggerated

reflex activity (Zhang et al 2013), peripheral muscle weakness (Hsu et al 2003) and reduced
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neuromuscular drive (Klein et al 2010). As such it is difficult to speculate a primary source

of gait dysfunction. For example reduced dorsiflexion is often the combined result of weak

dorsiflexors and spastic plantarflexors (Hesse et al 1996). However only modest

improvements in gait speed are observed when spasticity and weakness are treated together

(Johnson et al 2004). While proprioceptive deficits may influence gait, functional

modulation of knee proprioceptive input during walking did not eliminate aberrant hip

frontal plane kinematics (Sulzer 2009). These results suggest that a major source of post-

stroke gait dysfunction may not be single joint/muscle pathologies, but impaired

coordination.

Correlations between functional activity and motor impairments have met with mixed

results. Plantarflexion (Nadeau et al 1999) and knee extension (Bohannon & Andrews 1990)

strength have been correlated with gait speed yet poor correlation has been shown between

spasticity and gait speed (Lamontagne et al 2000). In our view, such correlations are

incomplete as single joint metrics may have limited extrapolation to multiple joint/DOF

parameters such as gait velocity. Furthermore they do not address abnormal coupling across

joints and planes. Other researchers evaluating the Fugl-Meyer (FM) assessment of lower

motor impairment found that discrete voluntary movements as measured by the FM have

inadequate predictive ability for clinical walking measures (Bowden et al 2010). While the

FM does aggregate parameters for multiple joints, the qualitative assessment of primarily

sagittal plane features may limit its prognostic utility. Interestingly, kinetic patterns observed

post-stroke during isometric force generation have been identified in dynamic tasks in the

upper limb during reaching (Kahn et al 2006) and in the lower limb during gait (Nessler et al

2007).

While this work highlights kinetic coupling resulting from discrete volitional control

objectives, it is important to note that walking is a complex interaction of supraspinal and

spinal mechanisms. Stepping patterns are argued to be modulated by both peripheral afferent

input (af Klint et al 2008) and putative central pattern generators (Dietz & Harekma 2004).

Future studies are needed to elucidate how kinetic patterns extracted isometrically relate to

rhythmic walking. Correlations between cross-planar couplings and deviations in over

ground gait metrics have been evaluated using step wise linear regression (Cruz et al 2009).

This analysis revealed that the most significant factors determining gait speed involved the

frontal plane: ratio of hip adduction to knee extension torque, maximum hip abduction/

adduction torque. Future studies can evaluate the association of frontal plane couplings with

paretic gait asymmetry metrics.

The abnormal couplings here may be used to provide a scientific basis for the design of

rehabilitation studies targeting gait specific deficiencies. Strategies targeting the hemiparetic

upper limb have been shown to reduce synergistic coupling patterns (Ellis et al 2005). Thus

it may be possible to impact gait dysfunction by designing training protocols that decouple

aberrant kinetic patterns following stroke. Interventions targeting multi-segmental

abnormalities may facilitate functional improvement during walking. Muscle synergy

analysis (D’Avella et al. 2003) may provide additional insight when comparing isometric

and dynamic muscle activation patterns given evidence that paretic muscle modules

constrain gait subtasks performance (Allen et al 2013).
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Frontal Plane Sensitivity

Dominant torque couplings observed in the stroke group may reflect unique neural

constraints on the torque generation workspace. By this interpretation, we expected that the

PCs (Shlens 2003) of the associated stroke kinetic signatures will include such frontal plane

coupling features. Indeed, while the first 2 PCs of both groups shared covarying sagittal

plane kinetic coupling patterns, only the stroke population carried distinct frontal plane

coupling features. The eigenvectors associated with the first two PCs of the stroke

population included interdependent features associated with ankle eversion and hip

adduction production absent in controls. 37 % of the total kinetic signature variance was

accounted for by the first stroke PC featuring frontal plane joint coupling as represented by

the eigenvalues. In contrast, the first control PC accounted for 22 % of the variance

attributed to the common across sagittal plane coupling shared by both populations. This

suggests that stroke PCs are uniquely dominated by frontal plane torque coupling.

While quantitative assessments for sagittal plane couplings have been reported for adults

with cerebral palsy (Thelen et al 2003), they are lacking in the lower limb post-stroke with

the exception of those clinically reported (Brunnstrom 1970). Interestingly, we observe

inconclusive evidence of post-stroke sagittal plane couplings such as the ‘flexion synergy’

(hip and knee flexion with ankle dorsiflexion). Although stroke subjects presented with

exaggerated sagittal plane coupling patterns relative to controls, they were not statistically

significant. For example coupling between dorsiflexion and hip flexion was not significant

for neither distal (p = 0.203) nor proximal (p = 0.109) targets. χ2 analysis further reveals a

non-significant group effect on sagittal hip torque direction during ankle dorsiflexion (p =

0.235). These results suggest that the kinetic outflow distribution for sagittal plane control

objectives are inhomogeneous for each group despite a trend toward exaggerated coupling in

stroke.

This analysis provides further evidence of cross-planar couplings that is reflective of a more

generalized kinetic constraint across multiple joints in the lower limb. Both gait simulation

and experimental studies corroborate the idea that stability control of the ML plane may

require a higher degree of active control in neurologically intact subjects (Bauby et al. 2000;

O’Conner et al. 2009). Thus increasing the biomechanical demand in the frontal plane in the

pathological state may engage these unique torque connectivities we propose. We observed

that the relevant torque outflow for gait submovements within the sagittal plane did not

explain abnormal paretic kinematic patterns. Stroke subjects retained many within plane

torque generation patterns found in controls. Only the frontal plane features were uniquely

present in the stroke PC. A functional consequence of the observed abnormal across joint

coupling of hip adduction, knee extension, and plantarflexion is a limb extension often

observed in hemiparetic gait (Kerrigan et al. 2000). This study supports the idea that coupled

cross-planar kinetic outflow between the lower limb joints uniquely emerges during control

of frontal plane DOF post-stroke, resulting in a generalized extension of the limb.

Conclusions

This study provides compelling evidence that suggests that torque generation following

stoke is characterized by both within joint and across joint abnormalities. The systematic
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evaluation of the coupled kinetic outflow across planes in the lower limb revealed a robust

signature of neural constraints governing an intrinsic impaired coordination. Evaluation of

the aggregate kinetic signatures suggests that the DOF under active control post-stroke are

neurally constrained especially in frontal plane torque production. PC analysis further

elucidated unique differences between the associated covariance patterns of the population

kinetic signatures. Features of this impaired coordination may contribute to post-stroke

asymmetric gait where the ability to fractionate control of single joints is compromised. The

understanding gained from the present study may facilitate a refocusing of rehabilitation

paradigms from targeting single joint / sagittal plane impairments to cross-planar multi-joint

approaches. Furthermore clinical treatment may benefit from an understanding of peripheral

vs. central contributions to kinematic disturbances. Future work will identify the associated

variability in the lower limb muscle activation patterns underlying both the isometric kinetic

output and the cyclic activation patterns during gait.
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Figure 1.
Experimental set-up. Instrumented exoskeletal orthosis with four six degree of freedom load

cells on the leg attachment. The load cell signals were acquired at a 1000Hz sampling rate

and filtered off-line using a 4th order butterworth, low-pass, and zero phase digital filter with

a 50-Hz cutoff frequency. The effect of subject-specific limb inertias were accounted for by

normalizing the target torques to the subjects MVT. A counterweight system supported up to

30% of the subjects body weight in order to provide functionally relevant and comfortable

load bearing levels on the contralateral limb during a relatively long experiment (Cruz &

Dhaher 2008).
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Figure 2.
Testing paradigm. A volitional torque generation task under isometric conditions with visual

feedback. (20% and 40% MVT) In part 1 subjects were given three 30 second opportunities

to achieve a MVT torque. The largest MVT achieved was used to calculate the normalized

target torque magnitude in part 2. Subjects received visual feedback of the primary joint

output torque in the form of the position of a cursor. Normalized target torques are given on

pure moment planes. The two primary lower limb joints, hip and ankle, were tested

separately on different days. Subjects were given multiple attempts to successfully match the

target torque, with each trial lasting up to 15s seconds to prevent fatigue.
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Figure 3.
Aggregate 3-D kinetic coupling pattern for each group at the midswing posture. Each i,jth

entry corresponds to primary to secondary torque generation normalized to MVT.
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Figure 4.
Between population 3-D kinetic coupling pattern for Left panel) midswing and right panel)

toeoff posture. Each yellow highlighted i,jth entry corresponds to statistically significant

difference (p < 0.05) in secondary torque production between stroke and control subjects.

Diagonal values in the red highlighted squares indicate the ratio of stroke to control MVT

for each primary input torque. Orange highlighted squares correspond to significant

difference at the toeoff posture only. All features except 2 retain statistical significance

across postures. For example the (9, 3) cell of the kinetic signature matrix representing an

inversion to knee flexion coupling is significant across both postures.
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Figure 5.
Coupling patterns independent of primary torque magnitude. Starred bars correspond to

statistically significant difference (p < 0.05) in secondary torque production between stroke

and control subjects. Two examples of torque coupling patterns that increase with target

torque magnitude are shown for the midswing posture: primary ankle inversion coupled with

secondary hip flexion, and primary ankle eversion coupled with secondary hip extension.
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Figure 6.
Coupling patterns independent of proximal or distal joint control. Starred bars correspond to

statistically significant difference (p < 0.05) in secondary torque production between stroke

and control subjects.
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Figure 7.
Similar coupling patterns are preserved across postures even though significance is not

achieved in one posture. Example of one of only 2 coupling elements that is significant for

toeoff (p=0.023) but not midswing (p=0.089). Starred bars correspond to statistically

significant difference in secondary torque production between stroke and control subjects.
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