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Inclusion Criteria;

Hemiplegia due to stroke

At least 6 months post stroke

Passive ankle range of motion to neutral position

No prior use of a neuroprosthesis other than evaluation or trial use

Capable of walking 30 meters without stopping to rest and without the use of a cane or

walker

Exclusion Criteria:

Lower limb Botox injection within the past 6 months

History of falls in the last 3 months while walking on level ground
Pacemaker, defibrillator, or any electrical or metallic implant
Cognitive disability due to stroke

Prior history of seizures

Peripheral nerve disease or Guillian Barre syndrome

Fractures, dislocations or cancers of the affected lower limb

Pregnancy

3.1.2 Subject Recruitment

Recruitment took place through fliers distributed at stroke support groups and in clinics®,

referrals by physicians? and professors®, and by word of mouth via research subjects and

clinicians’ directly involved in the study. Referrals and individuals recruited by word of mouth

gave written or verbal permission to forward their contact information to research staff. Interested

parties were then contacted by phone, screened to determine if he or she met the inclusion

criteria, and given a more detailed explanation of the study and study procedures. Informed

consent was solicited prior to participation in any research activities.

! Department of Physical Medicine and Rehabilitation at Froedtert Memorial Lutheran Hospital, Sacred Heart
Rehabilitation Institute at Columbia St. Mary's Hospital, Speech Pathology Department at Marquette University,
Therapy Services at the Milwaukee Center for Independence.

2 John McGuire, MD, Physical Medicine & Rehabilitation, Medical College of Wisconsin.

®Tina Stoeckmann, Ph.D. and Sheila Schindler-lvens, Ph.D., Physical Therapy, Marquette University.

4 Tom Current ,CPO (Hanger Prosthetics & Orthotics) and Craig Peters, DPT (Innovative Neurotronics)
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3.3.1 Marker Placement for Kinematic Analysis

During each gait session, reflective markers were affixed with double sided adhesive tape on
the following anatomical locations (see Figure 11) to facilitate lower extremity kinematic
analysis:

e anterior superior iliac spines, ASIS (if palpable, otherwise on the lateral pelvis)
e sacrum (mid-way between the posterior superior iliac spines)

¢ thigh (in line with the greater trochanter and lateral epicondyle of the femur)

o lateral femoral epicondyle

e tibia

o lateral malleolus (medial malleolus if F-Scan sensors were used)

e second metatarsal head (on shoe)

e calcaneus (on shoe)

Figure 11: Marker placement for lower limb gait analysis (adapted from [51]).
Knee=lateral epicondyle Ankle=lateral malleolus Heel=calcaneus

During AFO testing, the lateral malleolus marker for the affected limb was affixed to the lateral

AFO ankle joint. All other markers were placed as described above.
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Virtual markers were created during data processing when the anatomical location was
obscured by clothes or the body, or when the marker could not be consistently viewed during
ambulation. Virtual markers were created for the ASIS and sacrum when body bulk or clothing
obscured the marker location; these virtual markers were referenced to markers placed on the
lateral pelvis. If the subject wore a knee brace that covered the lateral femoral epicondyle, the
virtual knee marker was referenced to a marker triad placed on the thigh. Finally, when F-scan
insoles were used to acquire plantar pressure data, a virtual ankle (lateral malleolus) marker was
referenced to the medial malleolus. For all subjects and trials, virtual markers were created for

the tip of the shoe to assess toe clearance.

3.3.2 Testing Protocol
3.3.2.1 Subject Instrumentation

Strength and joint ROM tests were conducted on both lower limbs before each gait
analysis session (see 3.2.3: Functional Assessment). Anthropometric measurements including
height, weight, and limb segment dimensions were acquired during the first gait session.
Physiologic monitoring consisted of heart rate monitoring (see Table 5); a heart rate monitor was
placed beneath the shirt directly over the heart. Kinematic analysis was based on the reflective

markers affixed to the respective anatomical locations.

F-scan insole F-scan insole output

2’ e

Figure 12: F-scan insole (left) and sample plantar pressure data (right).
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During WalkAide gait sessions, the WalkAide heel sensor (Table 5) was placed under the
insole of the subject’s shoe on the affected side. An F-scan insole (Table 5) was trimmed to the
subject’s shoe size and placed on top of the shoe insole on the affected side, see Figure 12. After
the subject donned their shoes, the WalkAide neuroprosthesis was positioned and research staff
manually stimulated the peroneal nerve to identify the tibialis anterior location for

electromyographic monitoring.

Voluntary Tibialis
Anterior Activity

0k
1 1
0 1 2 3 Ei 9 10

EMG signal (Volts)

B

emomuscular
Stimulation

Time (seconds)

Figure 13: Tibialis anterior EMG differentiating voluntary contraction versus
neuromuscular stimulation via the WalkAide.

After cleansing the skin with an alcohol swab, a bipolar electromyographic (EMG)
electrode, see Table 5, was placed on the skin over the tibialis anterior and affixed with
hypoallergenic adhesive tape. The electrode position was confirmed by manual stimulation from
the WalkAide, ensuring that neuromuscular stimulation by the WalkAide and voluntary tibialis
anterior activity could be differentiated (Figure 13). The WalkLink was placed around the
subject’s neck and connected to the WalkAide to acquire heel and tilt sensor data during
ambulation. Finally, the F-scan insole was calibrated based on the subject’s body weight using

Tekscan software. Figure 14 illustrates a subject instrumented for a WalkAide gait session.
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Reflective marker

EMG Cable

EMG electrode

F-scan acquisition box

F-scan insole

Figure 14: Subject instrumented for WalkAide gait analysis session.

3.3.2.2 Dynamic Gait Trials

Gait analysis trials were conducted on a treadmill (Landice L8, Landice Inc.; Randolph,
NJ), randomly oriented in level, inclined (+7°) and declined (-7°) orientations. As the treadmill
only allows level and inclined ambulation, the treadmill was positioned on a 7° declined wooden
ramp, thereby supporting all treadmill orientations. For each treadmill orientation, the subject
determined his/her comfortable walking speed; two minute walking trials were then conducted
with 10 seconds of data acquired every 15 seconds. Kinematic and heart rate data were collected
simultaneously. During WalkAide trials, tibialis anterior EMG data were acquired using a
VICON analog channel, synchronizing the kinematic and EMG data. Plantar pressure data (F-
scan insoles) were acquired on a separate computer. Tilt and heel sensor data, as well as
stimulation data, were acquired using the WalkLink on a third computer (see Table 5); these data

were transmitted to the VICON workstation via Bluetooth.



36

3.3.2.3 Static Pointer Trials

After completing the walking trials, static trials for virtual marker determination were
conducted with the treadmill in the level orientation. The tip of the virtual marker wand was
positioned over the respective anatomical location (e.g. ASIS, lateral malleolus, toe). As the
subject quietly stood, the wand was “poked”, pointing to the location of interest, thereby
decreasing the distance between the wand’s two reflective markers (Figure 15) and creating a

reference position for the virtual maker in relation to other lower extremity markers.

virtual marker wand

Figure 15: Virtual marker wand positioned to create virtual toe marker.

3.3.2.4 Static Knee Marker Trial

A final static trial was conducted in which knee alignment devices (KADs) were placed
over the medial and lateral epicondyles of both limbs to better define the knee joint axis (Figure

16). These KADs replaced the lateral femoral epicondyle markers.

Figure 16: KAD (left) positioned over the femoral epicondyles during a static trial (right).



37

3.4 KINEMATIC DATA PROCESSING

Upon completion of each gait analysis session, the subject’s data were first processed to
obtain c3d kinematic data files. Kinematic data processing was completed at the Motion Analysis
Laboratory at the Medical College of Wisconsin using VICON Workstation software (version
5.4) and MATLAB (R2010a, Mathworks; Natick, MA). This section summarizes raw marker data
conversion to three-dimensional (3D) motion data, creation of virtual markers, and use of a
PluginGait model to integrate marker kinematic data, define lower extremity limb segments and

calculate joint angles.

3.4.1 Construction of 3D Motion Data

Raw marker data from the 15 cameras were reconstructed using direct linear
transformation to produce 3D marker position data. Each respective marker was manually
labeled. Gaps (due to marker obstruction in the camera field of view) in marker data up to 10
frames were filled by linear interpolation. The marker motion data were filtered using a low pass
quintic spline Woltring filter (mean square error of 20 corresponding to a noise tolerance of 20

mm?) to smooth data. These video data processing steps are summarized in Figure 17.

Camera #1 \l]

Final 3D
Camera #2 1D Final 3
Direct Linear Marker Gaps filled and :
T f ; . data filtered motion
l ransiormation position data

Camera #15 Y,

Figure 17: Flow chart illustrating conversion of raw video data to 3D marker data.
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3.4.2 Creation of Virtual Markers

Virtual markers for the ASIS, sacrum, knee, lateral malleoli, and toes were created as
needed using MATLAB code (J. Long, Medical College of Wisconsin), the virtual marker wand
data, and reference marker data; this procedure is summarized in Figure 18. The static virtual
marker trial data files were opened and the individual camera views from the 15 cameras were
reconstructed to produce the 3D motion data. The two markers on the wand and the three
reference markers (see Table 6) were labeled. The position of the virtual maker during the static
trial was determined and a vector relating the virtual marker to the reference markers was created.
This vector was then used to create the virtual marker in all dynamic trial data files.

Table 6: Virtual marker reference

Virtual marker Reference markers

Right pelvis

Left pelvis
Right/left ASIS Sacrum
Right pelvis

Left pelvis
Replacement sacral marker
Sacrum superior to anatomical location

Thigh plate marker 1

Thigh plate marker 2

Knee Thigh plate marker 3

Right/left Toe

Right/left lateral Right/left medial malleolus
malleolus Right/left heel

Right/left toe
Right/left medial or lateral

Right/left toe marker | Malleolus
for toe clearance Right/left heel
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5.6.1.5 WalkAide Programming

The small number of visits with the study affiliated PT or clinician in charge of
WalkAide programming (minimum of 3 visits, 2 for initial programming and a third 1 week
following initial programming) required of all study subjects may have adversely affected StR
and consistency of stimulation timing. At the beginning of this study, subjects were only required
to see the PT one week after the initial fitting. Additional visits with the PT were only scheduled
upon the subject’s request; only one of these early subjects (S5) revisited the PT. As the study
progressed, it was highly recommended that the subjects revisit the PT the week prior to the gait
session; the last four subjects were compliant with this recommendation and revisited the PT
before the gait session. These additional PT visits the week prior to gait analysis likely resulted in
improved WalkAide programming and the resultant StR and consistency of stimulation timing.
Three of the last four subjects demonstrated optimal StR’s (i.e. StR=1) for all treadmill
orientations, confirming that these additional PT visits were beneficial. Therefore the StR and

variability in stimulation timing for the first four study subjects were likely worst case scenarios.

5.6.2 Sensors

5.6.2.1 Skin Movement

Joint kinematic data are also influenced by marker placement and skin movement. For all
subjects except S4 and S6, the ASIS markers were referenced to markers on the lateral pelvis for
more consistent viewing. While the lateral pelvis markers were placed so as to minimize skin
movement, these markers were not placed on bony prominences and may be subject to increased
movement errors. These potential movement artifacts also affect the subsequent pelvic orientation
calculations and hip, knee and ankle joint kinematics as per the PlugIinGait model. Such skin

movement errors, however, are likely less than 4.2° in the sagittal plane [73].
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5.6.2.2 WalkAide Heel Sensor

Errors in theoretical heel sensor-based stimulation timing may have been introduced due
the WalkAide heel sensor itself. This heel sensor (20 mm diameter) was smaller than the heel,
and its position was not prescribed by the study PT. The relative thickness of the sensor (~0.5
mm) likely introduced plantar stress concentrations, resulting in potentially higher heel loading
that was more easily detected. Sensor placement (and movement) errors may have affected
theoretical heel sensor-based stimulation reliability and timing (maximum timing error estimated
at 0.20 seconds based on F-scan heel sensor box sensitivity analysis for a single subject). Further
stimulation reliability and timing errors may have been introduced via the selected heel initiation
and termination stimulation thresholds, although these errors are likely minimal as the thresholds
were based upon review of several (3-4) level walking trials so as to minimize potential
extraneous and/or missed stimulations. Heel sensor-based stimulation reliability and timing data
based on clinical programming (stimulation initiation/termination thresholds, heel not tilt sensor-
based wait time, minimum/maximum stimulation duration) is recommended to minimize

potential theoretical heel sensor-based programming errors.

5.6.2.3 F-scan Insoles

In the current study, theoretical heel sensor-based stimulation was based on F-scan data
for subjects S7 and S8. Since the F-scan insole covered the full plantar surface, a 20 mm by 20
mm box was used to approximate the WalkAide heel sensor (same box location for all treadmill
trials). This heel box was positioned to encompass the region of peak heel loading (due to
potential stress concentration due to concurrent placement on mal-functioning WalkAide heel
sensor, 0.15 mm thick). While potential movement of the F-scan insole was likely minimal,
potential movement of the mal-functioning WalkAide heel sensor may have occurred; such

movement errors, however, were likely minimal as the heel box loading remained inclusive of
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peak forces. Both the timing and magnitude of the heel sensor loading was also influenced by the
location of the F-scan heel sensor box, with a maximum error estimate of 0.20 seconds and 0.268
psi (only 1.4% of the maximum F-scan heel sensor amplitude) based on F-scan sensitivity

analysis results for a single subject.

5.6.3 Data Acquisition

5.6.3.1 Synchronization

The WalkAide tilt sensor-based stimulation timing parameters, Stl and StT, were based
on the anterior tibialis surface EMG signal (1800 Hz). As the WalkAide does not provide analog
output, direct data acquisition of WalkAide stimulation data was not possible. Due to nerve
conduction (54 m/s [74-75] and muscle conduction velocity (5 m/s [76]), stimulation timing
delays of 19.7-29.5 msec assuming 0.33-0.5 m travel) may have been introduced to EMG-based
stimulation timing estimates. Additional stimulation timing errors may be introduced due to the
low pass filtering (zero-phase digital filter) and threshold detection algorithm. These potential
stimulation timing errors, however, were likely less than that which would have occurred if

WalkAide stimulation data (acquired at 25 Hz) had been used.

5.6.3.2 Sampling Rate

Theoretical heel sensor-based stimulation timing estimates were likely affected by the
modest WalkAide sampling rate (25 Hz, 40 msec sampling interval). This sampling rate may
have introduced theoretical stimulation timing errors of + 40 msec. For subjects S7 and S8 for
whom the theoretical heel sensor-based stimulation was based on F-scan data, potential
stimulation timing errors were likely somewhat less as F-scan data were acquired at 50 Hz

(sampling interval of 20 msec).
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5.6.4 Signal Processing

In addition to potential errors in heel strike and toe off event detection due to marker
placement, additional event detection timing and kinematic errors may have been introduced due
to digital filtering (Woltring filter) prior to event detection. Such filtering, although strongly
recommended prior to numerical differentiation so as to calculate heel and toe velocity, may have
affected the location of velocity minima and maxima used in the event detection algorithm. The
motion data were sampled at 120 Hz, so potential errors of 1-2 frames correspond to timing errors

less than 17 msec.

5.6.5 Proposed Study Modifications

5.6.5.1 Enhanced Clinician Involvement

In the current study, only a single follow-up clinician visit was required for WalkAide
programming adjustment; additional visits were encouraged based on subject perceived need. A
minimum of 3 visits with the clinician to review WalkAide programming is recommended, with
one of these sessions to occur one week prior to scheduled gait analysis to optimize programming
and minimize stimulation variability.

In addition, it is recommended that the clinician attend the WalkAide gait analysis
session to confirm WalkAide electrode/tilt sensor placement and programming during over
ground ambulation. The clinician might also program the WalkAide for heel sensor-based
stimulation (setting the heel sensor stimulation initiation/termination thresholds, wait time, and
minimum/maximum stimulation duration). This clinical programming would ensure that
theoretical heel sensor-based stimulation was more clinically appropriate, facilitating clinical
comparison of the two WalkAide sensor stimulation control options. Subsequent acclimation to
clinical heel sensor-based stimulation and a second WalkAide gait analysis session might also be

incorporated.
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5.6.5.2 Over Ground Versus Treadmill Ambulation

Over ground walking may reveal temporal differences masked by treadmill ambulation.
Over ground walking trials would also facilitate comparison of self-selected walking speed with
the two treatment options, as well as potential acquisition of force plate data for kinetic analysis.
Such over ground walking trials might augment treadmill walking trials, as treadmill walking
maximizes the number of gait cycles acquired without introducing fatigue. The self-selected
walking speed determined during over ground walking can be used to select a proper treadmill
walking speed for each subject for each respective treatment.

The use of an instrumented split-belt treadmill (e.g. Bertec) for gait analysis maximizes
the number of gait cycles (and study power), minimizes potential fatigue, and enables Kinetic data
acquisition to assess joint moment and power. For any treadmill gait analyses, subjects should be

blinded to treadmill speed.

5.6.5.3 Subject Recruitment and Sample Population Size

The final recommendation for future studies is to increase the study sample size. Based
on power analyses, a minimum of 10 subjects is necessary to detect potentially significant
differences in GA between treatments. Studies investigating toe clearance treatment effects
should include at least 38 subjects. Similarly, studies contrasting temporal parameters between

treatments during treadmill walking should include a minimum of 25 post-stroke subjects.

5.7 FUTURE STUDY

Based on the results of this study, two hypotheses are suggested for potential future
study:
1) Ankle power during PS increases during WalkAide versus AFO ambulation on both level

and inclined surfaces.
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Such a study requires kinetic data and might include over ground walking with force plates
(risk of subject fatigue and limited power due to restricted gait cycles) or incorporate a
kinetically-instrumented treadmill. Kinetic analysis might also reveal differences in gait
symmetry during PS (and LR) that were not apparent during kinematic analysis. Note that
as the need for active push-off is reduced for declined walking, declined walking trials need
not be included.

Clinically programmed WalkAide heel sensor- versus tilt sensor-based stimulation results in
improved stimulation reliability and more consistent timing during both level and non-level
walking.

Clinical heel sensor-based programming requires setting the specific sensor stimulation
initiation/termination thresholds, the wait time, and the minimum/maximum stimulation
duration. Alternatively, the stimulation reliability and timing of the clinically programmed
WalkAide (tilt sensor) and Bioness (heel sensor), randomly selected, might be contrasted

after 8 weeks of neuroprosthesis acclimation.
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CHAPTER 6: CONCLUSION

A common gait impairment for stroke survivors is the inability to dorsiflex the ankle
during swing causing the foot to drag along the floor (i.e. foot drop); approximately 20% of the
stroke survivors suffer from foot drop. This impairment limits mobility, increases instability, and
increases the individual’s risk of tripping and falling.

Foot drop is traditionally treated with an ankle-foot-orthosis (AFO), a solid or articulated
plastic brace which holds the ankle in a neutral position during swing, preventing the foot from
dragging along the ground. An alternative treatment is the WalkAide, a neuroprosthesis which
electrically stimulates the peroneal nerve to activate the dorsiflexors during swing. Without
structural constraints, the neuroprosthesis may increase ankle range of motion and improve gait
symmetry and efficacy on both level and non-level surfaces when compared to an AFO,
enhancing a person’s mobility and safety inside and outside the home.

This study used gait analysis to quantify the differences in temporal (SR, gait Sl) and
kinematic (GA) gait symmetry and efficacy (toe clearance) of eight post-stroke individuals
suffering from foot drop during level and non-level ambulation using a WalkAide and an AFO.
The neuroprosthesis stimulation reliability and timing were also contrasted for two programming
options (clinically programmed tilt sensor, theoretical heel sensor programming).

Research Hypothesis 1: The use of a neuroprosthesis for post-stroke individuals with
drop foot will improve temporal and kinematic gait symmetry, as well as treatment efficacy on
both level and non-level surfaces compared to an AFO. No statistically significant differences in
temporal symmetry (SR or SI) were observed between treatments, partially refuting this
hypothesis. Additionally, no differences in knee GA were observed. Trends (not statistically
significant) of greater ankle GA during MS and TS with the AFO versus the WalkAide were
observed. Statistically significant differences in ankle GA during IS between treatments were

observed, supporting this hypothesis. Greater (not statistically significant) mean and minimum
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ankle GA during IS was found for AFO ambulation (all treadmill orientations) when compared to
the WalkAide. Significantly greater affected limb toe clearance was observed during level and
inclined AFO ambulation when compared with the WalkAide, contrary to this hypothesis.
However, greater toe clearance symmetry was observed during WalkAide ambulation, partially
supporting this hypothesis.

Research Hypothesis 2: Non-level walking will adversely affect the WalkAide tilt sensor-
based stimulation reliability and timing. No statistically significant differences in tilt sensor-
based stimulation reliability were observed between level and non-level walking trials. However,
four of the eight subjects demonstrated missed/extraneous stimulations (SR # 1) during non-level
walking, partially supporting this hypothesis; only three of eight subjects demonstrated
missed/extraneous stimulations during level walking. Stl timing occurred significantly closer to
swing as the treadmill processed from declined to inclined orientations; no statistically significant
differences in StT timing were observed between level and non-level walking. Although the
observed changes in Stl with level versus non-level ambulation support this hypothesis, these
changes may be beneficial as Stl closer to swing during inclined ambulation may allow for
greater ankle plantar flexion during PS.

Research Hypothesis 3: heel sensor versus tilt sensor stimulation control will improve
stimulation reliability and exhibit more consistent stimulation timing during non-level
ambulation. No statistically significant differences stimulation reliability or timing were
observed between tilt and theoretical heel sensor-based stimulation programming. However, more
subjects (6/8) demonstrated optimal StR with theoretical heel sensor-based programming,
supporting but not confirming this hypothesis. Stimulation variability decreased (not statistically
significant) with the heel sensor-based stimulation, again supporting but not confirming this

hypothesis.
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Based on the current study, post-stroke individuals may exhibit increased kinematic ankle
symmetry and possibly increased gait efficacy (toe clearance symmetry) during level and non-
level community ambulation with a WalkAide instead of an AFO. For post-stroke individuals
who are household ambulators only and/or demonstrate an inconsistent gait pattern, an AFO is
likely sufficient to minimize foot drop. Heel sensor-based programming may provide more
reliable and consistent dorsiflexion stimulation than tilt sensor-based programming. Additional
clinical programming sessions may be required to allow increased plantar flexion needed during
inclined walking. Community ambulators who commonly encounter inclines may benefit from tilt
sensor-based stimulation.

The current study also introduced a new measure to assess kinematic asymmetry (GA).
Unlike previous measures of gait symmetry, SR or Sl, the new GA measure also accounts for
differences in kinematic motion sign (e.g. dorsiflexion versus plantar flexion). Since this measure
normalizes the difference between limbs by the affected limb joint ROM, it facilitates comparison
between subjects and joints. This new GA measure provides a potentially valuable option for

future comparisons of kinematic asymmetry due to different treatments and/or pathologies.



173

REFERENCES

[1]
[2]

[3]

[4]
[5]
[6]
[7]
[8]

[9]

[10]

[11]

[12]
[13]
[14]
[15]
[16]
[17]

[18]

[19]

[20]

[21]

Heart Disease and Stroke Statistical Update: 2009. (2010). Retrieved February 12, 2010,
from http://www.americanheart.org.

Wade, D. T., Wood, V. A., Heller, A., Maggs, J., & Langton Hewer, R. (1987) Walking
after stroke. measurement and recovery over the first 3 months. Scandinavian Journal of
Rehabilitation Medicine, 19 (1), 25-30.

Hyndman, D., Ashburn, A., & Stack, E. (2002) Fall events among people with stroke living
in the community: Circumstances of falls and characteristics of fallers. Archives of Physical
Medicine and Rehabilitation, 83(2),165-170.

The WalkAide Manual (2008). Innovative Neurotronics. Print.

Stroke Sourcebook (1993). Joyce Brennfleck Shannon. 1st edition.

Post-stroke Rehabilitation: Fact Sheet (2010). Retrieved November 15, 2010, from
http://www.ninds.nih.gov/disorders/stroke/poststrokerehab.htm

Stroke rehabilitation information. (2007). Retrieved November 15, 2010, from
http://www.ninds.nih.gov/disorders/stroke/stroke.htm

Impact of stroke. (2010). Retrieved November 15, 2010, from
http://americanheart.org/presenter.jhtml?identifier=1033

Jorgensen, H. S., Nakayama, H., Raaschou, H. O., & Olsen, T. S. (1995). Recovery of
walking function in stroke patients: The copenhagen stroke study. Archives of Physical
Medicine and Rehabilitation, 76(1), 27-32.

Keenan, M. A,, Perry, J., & Jordan, C. (1984). Factors affecting balance and ambulation
following stroke. Clinical Orthopaedics and Related Research, (182)(182), 165-171.
Perry, J., Garrett, M., Gronley, J. K., & Mulroy, S. J. (1995). Classification of walking
handicap in the stroke population. Stroke; a Journal of Cerebral Circulation, 26(6), 982-
989.

Perry, J., & Burnfield, J. M. (2010). Gait analysis :Normal and pathological function (2nd
ed.). Thorofare, NJ: Slack.

Hausdorff, J. M., & Alexander, N. B. (2005). Gait disorders :Evaluation and management.
Boca Raton: Taylor & Francis.

Rose, J., & Gamble, J. G. (2006). Human walking (3rd ed.). Philadelphia: Lippincott
Williams & Wilkins.

Woolley, S. M. (2001). Characteristics of gait in hemiplegia. Topics in Stroke
Rehabilitation, 7(4), 1-18.

Wall, J. C., & Ashburn, A. (1979). Assessment of gait disability in hemiplegics. hemiplegic
gait. Scandinavian Journal of Rehabilitation Medicine, 11(3), 95-103.

Olney, S. J., & Richards, C. (1996). Hemiparetic gait following stroke. part I:
Characteristics. Gait & Posture, 4(2), 136-148.

von Schroeder, H. P., Coutts, R. D., Lyden, P. D., Billings, E.,Jr, & Nickel, V. L. (1995).
Gait parameters following stroke: A practical assessment. Journal of Rehabilitation
Research and Development, 32(1), 25-31.

Goldie, P. A., Matyas, T. A., & Evans, O. M. (1996). Deficit and change in gait velocity
during rehabilitation after stroke. Archives of Physical Medicine and Rehabilitation, 77(10),
1074-1082.

Bohannon, R. W. (1992). Walking after stroke: Comfortable versus maximum safe speed.
International Journal of Rehabilitation , 15(3), 246-248.

Brandstater, M. E., de Bruin, H., Gowland, C., & Clark, B. M. (1983). Hemiplegic gait:
Analysis of temporal variables. Archives of Physical Medicine and Rehabilitation, 64(12),
583-587.



http://www.ninds.nih.gov/disorders/stroke/stroke.htm
http://americanheart.org/presenter.jhtml?identifier=1033

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

174

Roth, E. J., Merbitz, C., Mroczek, K., Dugan, S. A., & Suh, W. W. (1997). Hemiplegic gait.
relationships between walking speed and other temporal parameters. American Journal of
Physical Medicine & Rehabilitation, 76(2), 128-133.

Olney, S. J., Griffin, M. P., Monga, T. N., & McBride, I. D. (1991). Work and power in
gait of stroke patients. Archives of Physical Medicine and Rehabilitation, 72(5), 309-314.
Platts, M. M., Rafferty, D., & Paul, L. (2006). Metabolic cost of over ground gait in
younger stroke patients and healthy controls. Medicine and Science in Sports and Exercise,
38(6), 1041-1046.

Michael, K. M., Allen, J. K., & Macko, R. F. (2005). Reduced ambulatory activity after
stroke: The role of balance, gait, and cardiovascular fitness. Archives of Physical Medicine
and Rehabilitation, 86(8), 1552-1556.

Patterson, K. K., Parafianowicz, I., Danells, C. J., Closson, V., Verrier, M. C., Staines, W.
R., Mcllroy, W. E. (2008). Gait asymmetry in community-ambulating stroke survivors.
Archives of Physical Medicine and Rehabilitation, 89(2), 304-310.

Richards, C., & Knutsson, E. (1974). Evaluation of abnormal gait patterns by intermittent-
light photography and electromyography. Scandinavian Journal of Rehabilitation Medicine
Supplement, 3, 61-68.

Knutsson, E., & Richards, C. (1979). Different types of disturbed motor control in gait of
hemiparetic patients. Brain : A Journal of Neurology, 102(2), 405-430.

Burdett, R. G., Borello-France, D., Blatchly, C., & Potter, C. (1988). Gait comparison of
subjects with hemiplegia walking unbraced, with ankle foot orthosis, and with air-stirrup®
brace. Physical Therapy, 68(8), 1197-1203.

Waters, R. L., McNeal, D., & Perry, J. (1975). Experimental correction of footdrop by
electrical stimulation of the peroneal nerve. The Journal of Bone and Joint Surgery, 57(8),
1047-1054.

Bowker, P. (1993). Biomechanical basis of orthotic management. Oxford England; Boston:
Butterworth-Heinemann.

Laufer, Y., Hausdorff, J. M., & Ring, H. (2009). Effects of a foot drop neuroprosthesis on
functional abilities, social participation, and gait velocity. American Journal of Physical
Medicine & Rehabilitation, 88(1), 14-20.

Liberson, W. T., Holmquest, H. J., Scott, D., & Dow, M. (1961). Functional electrotherapy
in stimulation of the peroneal nerve synchronized with the swing phase of gait in
hemiparetic patients. Archives of Physical Medicine and Rehabilitation, 42, 101-105.
Sheffler, L. R., & Chae, J. (2007). Neuromuscular electrical stimulation in
neurorehabilitation. Muscle & Nerve, 35(5), 562-590.

Shimada, Y., Matsunaga, T., Misawa, A., Ando, S., Itoi, E., & Konishi, N. (2006). Clinical
application of peroneal nerve stimulator system using percutaneous intramuscular
electrodes for correction of foot drop in hemiplegic patients. Neuromudulation: Technology
at the Neural Interface, 9(4), 320-327.

Taylor, P. N., Burridge, J. H., Dunkerley, A. L., Wood, D. E., Norton, J. A., Singleton, C.,
& Swain, I. D. (1999). Clinical use of the odstock dropped foot stimulator: Its effect on the
speed and effort of walking. Archives of Physical Medicine and Rehabilitation, 80(12),
1577-1583.

Burridge, J., Taylor, P., Hagan, S., Wood, D., & Swain, I. (1997). The effects of common
peroneal stimulation on the effort and speed of walking: A randomized controlled trial with
chronic hemiplegic patients. Clinical Rehabilitation, 11(3), 201-210.

Hausdorff, J. M., & Ring, H. (2008). Effects of a new radio frequency-controlled
neuroprosthesis on gait symmetry and rhythmicity in patients with chronic hemiparesis.
American Journal of Physical Medicine & Rehabilitation, 87(1), 4-13.



[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]
[52]

[53]
[54]

[55]

[56]

[57]

[58]

[59]

175

Ring, H., Treger, I., Gruendlinger, L., & Hausdorff, J. M. (2009). Neuroprosthesis for
footdrop compared with an ankle-foot orthosis: Effects on postural control during walking.
Journal of Stroke and Cerebrovascular Diseases, 18(1), 41-47.

Sheffler, L. R., Hennessey, M. T., Naples, G. G., & Chae, J. (2006). Peroneal nerve
stimulation versus an ankle foot orthosis for correction of footdrop in stroke: Impact on
functional ambulation. Neurorehabilitation and Neural Repair, 20(3), 355-360.

Mclntosh, A. S., Beatty, K. T., Dwan, L. N., & Vickers, D. R. (2006). Gait dynamics on an
inclined walkway. Journal of Biomechanics, 39(13), 2491-2502.

Kim, C. M., & Eng, J. J. (2003). Symmetry in vertical ground reaction force is
accompanied by symmetry in temporal but not distance variables of gait in persons with
stroke. Gait & Posture, 18(1), 23-28.

Patterson, K. K., Gage, W. H., Brooks, D., Black, S. E., & Mcllroy, W. E. (2010).
Evaluation of gait symmetry after stroke: A comparison of current methods and
recommendations for standardization. Gait & Posture, 31(2), 241-246.

Sadeghi, H., Allard, P., Prince, F., & Labelle, H. (2000). Symmetry and limb dominance in
able-bodied gait: A review. Gait & Posture, 12(1), 34-45.

Brouwer, B., Parvataneni, K., & Olney, S. J. (2009). A comparison of gait biomechanics
and metabolic requirements of overground and treadmill walking in people with stroke.
Clinical Biomechanics, 24(9), 729-734.

Robinson, R. O., Herzog, W., & Nigg, B. M. (1987). Use of force platform variables to
quantify the effects of chiropractic manipulation on gait symmetry. Journal of
Manipulative and Physiological Therapeutics, 10(4), 172-176.

Herzog, W., Nigg, B. M., Read, L. J., & Olsson, E. (1989). Asymmetries in ground reaction
force patterns in normal human gait. Medicine and Science in Sports and Exercise, 21(1),
110-114.

Shorter, K. A., Polk, J. D., Rosengren, K. S., & Hsiao-Wecksler, E. T. (2008). A new
approach to detecting asymmetries in gait. Clinical Biomechanics, 23(4), 459-467.
Duncan, P. W., Propst, M., & Nelson, S. G. (1983). Reliability of the Fugl-Meyer
assessment of sensorimotor recovery following cerebrovascular accident. Physical
Therapy, 63(10), 1606-1610.

Clarkson, H. M., & Gilewich, G. B. (1989). Musculoskeletal assessment : Joint range of
motion and manual muscle strength. Baltimore: Williams & Wilkins.

Vicon User Manual (2002). Vicon Motion Systems. Print

Devore, J. L. (1982). Probability and statistics for engineering and the sciences (1st ed.).
Belmont, CA, USA: Thomson Brooks/Cole.

Rice, W.R (1989). Analyzing tables of statistical tests. Evolution, 43, 223-5.

Chan, Y. H. (2003). Biostatistics 101: Data presentation. Singapore Medical Journal,
44(6), 280-285.

Bhavna, P., Dunne, M., & Armstrong, R. (2010). Sample Size Estimation and Statistical
Power Analyses. Optometry Today.

Mecagni, C., Smith, J. P., Roberts, K. E., & O'Sullivan, S. B. (2000). Balance and ankle
range of motion in community-dwelling women aged 64 to 87 years: A correlational study.
Physical Therapy, 80(10), 1004-1011.

Ballaz, L., Plamondon, S., & Lemay, M. (2010). Ankle range of motion is key to gait
efficiency in adolescents with cerebral palsy. Clinical Biomechanics, 25(9), 944-948.
Blanc, Y., Balmer, C., Landis, T., & Vingerhoets, F. (1999). Temporal parameters and
patterns of the foot roll over during walking: Normative data for healthy adults. Gait &
Posture, 10(2), 97-108.

Gok, H., Kucukdeveci, A., Altinkaynak, H., Yavuzer, G., & Ergin, S. (2003). Effects of
ankle-foot orthoses on hemiparetic gait. Clinical Rehabilitation, 17(2), 137-139



[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

176

Voigt, M., & Sinkjaer, T. (2000). Kinematic and kinetic analysis of the walking pattern in
hemiplegic patients with foot-drop using a peroneal nerve stimulator. Clinical
Biomechanics, 15(5), 340-351.

Daly, J. J., Roenigk, K., Holcomb, J., Rogers, J. M., Butler, K., Gansen, J., Ruff, R. L.
(2006). A randomized controlled trial of functional neuromuscular stimulation in chronic
stroke subjects. Stroke; A Journal of Cerebral Circulation, 37(1), 172-178.

Hsu, A. L., Tang, P. F., & Jan, M. H. (2003). Analysis of impairments influencing gait
velocity and asymmetry of hemiplegic patients after mild to moderate stroke. Archives of
Physical Medicine and Rehabilitation, 84(8), 1185-1193.

Chen, G., Patten, C., Kothari, D. H., & Zajac, F. E. (2005). Gait deviations associated with
post-stroke hemiparesis: Improvement during treadmill walking using weight support,
speed, support stiffness, and handrail hold. Gait & Posture, 22(1), 57-62.

Hausdorff, J. M. (2005). Gait variability: Methods, modeling and meaning. Journal of
Neuroengineering and Rehabilitation, 2, 19.

Yogev, G., Plotnik, M., Peretz, C., Giladi, N., & Hausdorff, J. M. (2007). Gait asymmetry
in patients with parkinson's disease and elderly fallers: When does the bilateral
coordination of gait require attention? Experimental Brain Research, 177(3), 336-346.
van Swigchem, R., Weerdesteyn, V., van Duijnhoven, H. J., den Boer, J., Beems, T., &
Geurts, A. C. (2011). Near-normal gait pattern with peroneal electrical stimulation as a
neuroprosthesis in the chronic phase of stroke: A case report. Archives of Physical
Medicine and Rehabilitation, 92(2), 320-324.

Winter, D. A. (1992). Foot trajectory in human gait: A precise and multifactorial motor
control task. Physical Therapy, 72(1), 45-53; discussion 54-6.

Winter, D. A., Patla, A. E., Frank, J. S., & Walt, S. E. (1990). Biomechanical walking
pattern changes in the fit and healthy elderly. Physical Therapy, 70(6), 340-347.
Khandoker, A. H., Lynch, K., Karmakar, C. K., Begg, R. K., & Palaniswami, M. (2010).
Toe clearance and velocity profiles of young and elderly during walking on sloped
surfaces. Journal of Neuroengineering and Rehabilitation, 7, 18.

Lehmann, J. F., Warren, C. G., & DeLateur, B. J. (1970). A biomechanical evaluation of
knee stability in below knee braces. Archives of Physical Medicine and Rehabilitation,
51(12), 688-695.

Oeffinger, D., Brauch, B., Cranfill, S., Hisle, C., Wynn, C., Hicks, R., & Augsburger, S.
(1999). Comparison of gait with and without shoes in children. Gait & Posture, 9(2), 95-
100.

Schwartz, M. H., Trost, J. P., & Wervey, R. A. (2004). Measurement and management of
errors in quantitative gait data. Gait & Posture, 20(2), 196-203.

Benoit, D. L., Ramsey, D. K., Lamontagne, M., Xu, L., Wretenberg, P., & Renstrom, P.
(2006). Effect of skin movement artifact on knee kinematics during gait and cutting
motions measured in vivo. Gait & Posture, 24(2), 152-164.

Singh, N., Behse, F., & Buchthal, F. (1974). Electrophysiological study of peroneal palsy.
Journal of Neurology, Neurosurgery & Psychiatry, 37(11)), 1202-213.

Connelly, D. M., Rice, C. L., Roos, M. R., & Vandervoort, A. A. (1999). Motor unit firing
rates and contractile properties in tibialis anterior of young and old men. Journal of Applied
Physiology, 87(2), 843-852.

Ganong, W. F. (1991) Review of Medical Physiology. Norwalk, CT: Appleton & Lange.



177

APPENDIX A: Fugl-Meyer Assessment Tasks (adapted from [50])

LOWER L. Reflex activil tod in =upring p. 3 O—No raflex Bclivity
EXTREMITY Achiltas 2 Reflex aclivity
(supina} Patallar 4

Supine Il. a. Flexor Synaergy ITask 1] a. (—Cannot be perdormed
Hip flexion __ 1—Partial motion
Knee flexion _____ 2—Full motion
Ankle dorsiflexion ____ . €
b. yergy—{malion s resisted) 1135k 2] b. 0-—No motion :
Hip extension 1—Weak motion
Adduction _____ 2—Almost full strength compared to normal
Knee extension
Ankle plantarfiexion 8
SITTING 1Ii. Movement Combining Synergies [Task 3] a. 0—No active motion
(knees free a. Knee flexion beyond 90° _____ 1—From slightly extended position knee can be flexed but not
of ¢hair) bayond 80°
b. Ankle dorsiflexion ____ b. 0—No active flexion
1—Incomplete aclive flexion
2—Normal dorsiflexion 4
STANDING V. Movement Out of Synergy Hip at 0° [Task 4] a. D—FKnee cannot flex without hip flexion

a_ Knea flexion 1—Knee begins flexion without hip flexion, but doesn't get to
90°, or hip {lexes during motion
2—Full mation as described

b. Ankle dorsifiexion b. 0—No aclive motion
1—Partial molion
2—Fult motion 4
SITTING V. Mormal Refllexes 0—2 of the 2 are markedly hyperaclive
Knee flexors 1—0One reflex is hyperactive or 2 reflexes are lively
Patellar 2—No more than 1 reflex lively
Achilles . . 2
(SUPINE) Vi, Coordination/Speed [Task 5] a. O—~Marked tremor
Heel to opposite knee (5 repetilions in rapid succesgion) 1—Slight tremar
a. Tremor 2—No tremor
b. Dysmelria b. 0—Prenounced or unsystematic
1—8light or systemaiic
2—No dysmetria
¢. Speed ¢. 0--Six seconds slower than unaffected side

1—Two 1o 5 seconds slower
2—Less than 2 seconds dilference ]

TOTAL MAXIMUM LOW XTREMITY SCORE 34

Task 1: While supine, the subject is asked to flex his/her affected hip, knee, and ankle in one complete motion

Task 2: While supine, the subject is asked to extend his/her affected hip, knee, and ankle in one complete motion while
staff adds resistance via the forefoot

Task 3: While sitting faced forward in a chair, the subject is asked to flex his/her affected knee and ankle in one complete
motion

Task 4:While standing, the subject is asked to flex his/her affected knee and ankle, without flexing his/her hip, in one
complete motion

Task S:While supine, the subject is asked to bring his/her non-affected ankle to his/her affected knee 5 times without
stopping. The subject is then asked to repeat this task, but bring his/her affected ankle to his/her unaffected knee.



APPENDIX B: GA for all phases of the gait cycle (swing and stance)
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Figure B1: GA of knee motion for all functional gait phases of all subjects during decline (top), level (middle), and inclined (bottom)
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Figure B2: GA of ankle motion for all functional gait phases of all subjects during decline (top), level (middle), and inclined (bottom)

treadmill walking.
+, ++ denotes a statistically significant difference (0.05 and 0.01 levels, respectively)



APPENDIX C: Individual ankle GA during IS, MS, and TS

MS mean knee motion:
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Figure C1: Individual GA for mean knee motion during MS contrasting treatments for

declined (top), level (middle), and inclined (bottom) walking.
+, ++ denotes a statistically significant difference (0.05 and 0.01 levels, respectively)



181

TS mean knee motion:
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Figure C2: Individual GA for mean knee motion during TS contrasting treatments for

declined (top), level (middle), and inclined (bottom) walking.
+, ++ denotes a statistically significant difference (0.05 and 0.01 levels, respectively)
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IS minimum and mean ankle motion:
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Figure C3: Individual GA for minimum ankle motion during IS contrasting treatments for

declined (top), level (middle), and inclined (bottom) walking.
+, ++ denotes a statistically significant difference (0.05 and 0.01 levels, respectively)
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MS mean and maximum ankle motion:
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Figure C5: Individual GA for mean ankle motion during MS contrasting treatments for

declined (top), level (middle), and inclined (bottom) walking.
+, ++ denotes a statistically significant difference (0.05 and 0.01 levels, respectively)
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Figure C6: Individual GA for maximum ankle motion during MS contrasting treatments

for declined (top), level (middle), and inclined (bottom) walking.
+, ++ denotes a statistically significant difference (0.05 and 0.01 levels, respectively)



TS mean and maximum ankle motion:
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Figure C7: Individual GA for mean ankle motion during TS contrasting treatments for

declined (top), level (middle), and inclined (bottom) walking.
+, ++ denotes a statistically significant difference (0.05 and 0.01 levels, respectively)
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Figure C8: Individual GA for maximum ankle motion during TS contrasting treatments for

declined (top), level (middle), and inclined (bottom) walking.
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APPENDIX D: F-scan insole versus WalkAide heel sensor
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Figure D1: Maximum (top) and mean (bottom) F-scan heel box plantar pressure versus
WalkAide heel sensor loading data.
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