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Objective. The impact of electromyographic biofeedback
(EMG BEFB) applied during functional gait activities and
employed in accord with theories on motor learning was
investigated in a chronic hemiplegic patient. Methods. A single-
subject A-B design was used. EMG BFB was applied to the tri-
ceps surae during gait. A rehabilitation program with a fading
frequency of BFB application and an increasing variability in
the task training was implemented. Responses to the rehabili-
tation program were documented via multiple quantitative
gait analyses, performed during a baseline, treatment, and at
follow-up 6 weeks after the end of treatment. Results. From
baseline to end of treatment, there were significant changes in
ankle power at push-off, both in amplitude and timing, as well
as onset of ankle power at push-off relative to heel strike of the
healthy leg. There was a significant increase in gait velocity,
step length of the healthy side, stride length, and stride fre-
quency. At follow-up, changes were still significantly different
from baseline and the patient had reduced the use of the cane
in activities of daily living. Conclusions. BFB appears to have
been effective in promoting positive changes in gait in this
pilot study. The rehabilitation protocol also appeared to be
effective in promoting learning and the incorporation of
trained activities into daily activities.
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rehabilitation after stroke, especially for the chronic

Faster and more efficient gait is an important goal of
stroke patient who often continues to be limited
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in daily activities by slow insecure gait. Well-defined,
efficient, and effective rehabilitation protocols are
needed for this population. To maximize the benefits of
the training, known principles of motor learning should
be applied to the treatment protocols.'?

For learning a complex motor skill, it has been sug-
gested that a fading schedule of feedback (frequent feed-
back early in the practice that gradually reduces toward
the end) may combine the benefits of guiding learners
into the right “ballpark” early in practice while gradu-
ally making them less dependent on augmented feed-
back later.>® Variable practice is another learning
paradigm that has been used to promote learning of
new motor skills in healthy subjects on various motor
tasks, a method that apparently allows the development
and retention of effective strategies for motor control.?
A treatment protocol based on both these practice
paradigms for motor control may maximize the perfor-
mance and the learning of a task such as more func-
tional gait in a population afflicted with stroke.

The techniques of biofeedback (BFB) have already
been used extensively in various areas of rehabilitation,
and several studies have used BFB, focusing on improv-
ing various aspects of gait in patients with chronic
stroke, with encouraging results.®!! In normal gait, the
ankle plantar flexors produce about 80% of the total
energy necessary during the gait.'> The work of the
ankle plantar flexors is primarily used to contribute to
the forward motion during gait, and thus it plays a fun-
damental role in determining gait velocity.'” Patients
with hemiparesis tend to have a severe reduction of
ankle power in the push-off phase of gait as well as a
much reduced velocity in gait."

The purpose of this single-subject case A-B study was
to examine the efficiency of BFB training combined with
theories of motor learning in improving performance
and learning of gait parameters after stroke. It was
expected that an increased energy production in the
push-off phase of gait would be associated with changes
in selected kinematic and kinetic measures, as well as
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with increased gait velocity, step length of the nonaf-
fected side, and stride length. Moreover, it was expected
that these changes would become incorporated into
daily walking activities.

METHODS AND PROCEDURES

Subject

The patient was a 55-year-old man with a right hemi-
paresis following an ischemic lesion to the left hemi-
sphere about 3 1/2 years prior to the study. A year after
the stroke, the patient was walking independently with
a cane. Gait analysis, performed without the cane at the
beginning of the baseline phase, evidenced a markedly
reduced power production of the ankle plantar flexors,
as well as much reduced gait velocity and step frequency
and a shortening of steps bilaterally. The patient made
1st ground contact with the heel and kept the knee in
slight flexion throughout the gait cycle. The patient’s
data from clinical tests at the beginning of the baseline
phase were 30.2 s at the timed walking test'* and 26/26
and 95/100 points on the Modified Minimental Index'
and Modified Barthel Index, respectively.

Study Design

A single-system A-B design, with follow-up 6 weeks
after the end of the treatment period, was used. The
patient did not receive any treatment for the 1st 2 weeks.
In these 2 weeks, quantitative gait analysis (E.Li.Te, BTS,
Milan) was performed in 5 sessions on different days to
collect baseline data. These baseline measures were then
followed by electromyographic biofeedback (EMG
BFB) treatments 3 times a week for a total of 20 treat-
ment sessions, with quantitative gait measures collected
approximately 2 h after each treatment. Treatment ses-
sions lasted about 45 min. The last gait measures were
collected the day after the last treatment session. A
follow-up gait assessment was carried out 6 weeks after
the end of the study to assess the learning effect.

Training Procedures

A rehabilitation protocol was designed following the
theorem of motor control learning.'*"” The goal was to
improve functional gait; thus, feedback was delivered
during walk overground. EMG BFB was applied to the
gastrocnemius lateralis. An auditory feedback tone was
used to indicate whether push-off power met the target.
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Treatment Phases

The therapeutic sessions were divided into 4 phases.
The aims of those phases were to improve gait perfor-
mance, to increase patient’s auto error detection, and to
transfer acquired skills during biofeedback condition to
a context in which the feedback was no longer available.

In the 1st phase (1st-5th treatments), practice was
kept constant, that is, BFB EMG was applied during
comfortable gait of the patient. Biofeedback and verbal
instructions were constantly provided. During comfort-
able walk overground, the patient was instructed to lift
the heel and allow the knee to bend while pushing and
leaving the ground.

In the 2nd phase (6th—10th treatments), a variable
practice paradigm (e.g., different step lengths, variable
speed) was applied with constant BFB EMG. In this
phase, just summary feedback was provided.

In the 3rd phase (11th—15th treatments), variable
practice (i.e., as above and variable terrain) and patient’s
error auto detection were used with intermittent BFB
EMG.

In the 4th phase, BFB was mostly withdrawn and
practice continued to be variable (as above).

Gait Analysis

Gait analysis was conducted on an 8-m walkway. The
subject was recorded while walking in comfortable shoes
at his own comfortable speed along the walkway. Three-
dimensional kinematics of the subject’s lower limbs were
documented with the ELITE motion analysis system
using the SAFlo protocol.' Ground reaction forces were
measured with a Kistler force plate (Winterthur, Milan)
(50 Hz). EMG recordings were made with an elec-
tromyographic 8-channel BTS (Milan) at 500 Hz.

Outcome Measures

General parameters, velocity, frequency, stride length,
and step length were normalized with respect to the
patient’s height (h). Specific variables of outcome were
decided observing the graphics of the first extraction of
the various gait variables (Table 1).

Treatment Device

The biofeedback device was SATEM Mygotron
(SATEM srl, Roma, Italy). EMG-rectified and 100-ms
averaged data were recorded at 150 Hz, bandpass fil-
tered at 20 to 950 Hz, and then amplified with a gain of
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Table 1. Outcome Variables: Pre-, Post-, Follow-Up

Outcome Variables Pre- (SD) Post- (SD) FU
Ankle
Timing ankle power peak (% cycle) 48.22 (1.06) 52.33 (1.30) 50.00
Ankle power peak (W/Kg) 35.90 (3.53) 50.80 (4.75) 48.90
HS healthy-onset power (% cycle) -5.06 (0.45) -2.56 (0.20) -3
Knee
Onset knee flex pre-swing (% cycle) 35.90 (0.78) 41.57 (1.20) 39.00
Max knee flex in swing (deg) 50.59 (4.09) 51.57 (3.03) 48.81
Knee flexion at power peak (deg) 16.20 (4.57) 17.70 (3.03) 16.86
Pelvis
Trendelemburg (deg) —4.72 (0.67) —4.47 (2.69) -2.03
Hip frontal moment (N - m/Kg) 56.61 (12.56) 62.12 (4.54) 47.73
Pelvis rotation TO-HS (deg) 1.01 (2.32) 2.62 (1.51) 2.55
General
Mean velocity (%h/s) 27.19 (0.91) 37.39 (1.64) 38.03
Stride length (%h) 49.64 (1.95) 62.80 (0.68) 63.20
Healthy side stride length (%h) 23.41 (0.41) 28.06 (0.25) 27.08
Stride frequency (stride/s) 0.54 (0.01) 0.59 (0.02) 0.58

Ankle, knee, pelvis, and general variables at pre-treatment, post-treatment and follow-up (FU). The pre- values are the mean and (SD) of the 5 base-
line assessments. The post- values are the mean and (SD) of the last 3 assessments of the treatment phase.

40,000 (50 wVrms range). EMG was recorded and pre-
sented as an analogical audio signal to the patient.

Data Analysis

A series of data points were collected before interven-
tion, serving to establish a baseline, which was then fol-
lowed by a series of data points collected during
intervention and at follow-up. Each data point was
computed as the mean of 5 walks performed during
each session in the gait lab. The 2 standard deviation
band method"” was used to analyze the data for changes.
This method assesses variability in the baseline phase
calculating the mean and standard deviation in that
phase. If at least 2 consecutive points in the intervention
phase fall outside the band, the change from baseline to
intervention phase is considered significant.

RESULTS

Ankle (Figure 1, Table 1): Analysis of graphed data
points revealed significant changes in ankle plantar
power peak (Figure 1, graph A) from baseline to treat-
ment sessions. The mean improvement between base-
line measurements and the end of the treatment phase
was 42%. At follow-up 6 weeks later, ankle power peak
was still significantly higher than baseline. High vari-
ability was observed during the 1st 2 blocks of treat-
ment sessions, a variability that then decreased toward
the end of the treatment.
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Figure 1. Ankle power peak (A) and onset of ankle power
with respect to heel strike (HS) (B).

Onset of ankle power relative to heel strike (HS) of the
healthy leg was significantly anticipated following treat-
ment, which indicates that the patient was able to begin
effective push-off earlier (Figure 1, graph B). At baseline,
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Figure 2. Mean velocity (A), healthy side step length and
stride length (B). The vertical lines divide the baseline and
treatment phases. The dotted horizontal line represents the
mean values of baseline; the other two horizontal lines repre-
sent the two standard deviation bands of baseline data points.
The follow-up is represented by a filled triangle.

push-off of the affected leg was begun when the mid-foot
of the nonaffected leg was already down, whereas follow-
ing treatment, push-off began near heel touch of the
nonaffected leg. This anticipation persisted at follow-up.

Knee (Table 1): Visual analysis revealed no significant
changes in maximum flexion of the knee during swing or
in knee flexion at power peak.

Pelvis (Table 1): Visual analysis of pelvic and hip move-
ments during gait revealed no significant changes from
baseline to treatment phase.

General parameters (Figure 2): Visual analysis of veloc-
ity revealed an immediate significant improvement in
velocity following the 1st treatment sessions (graph A). At
the 2nd treatment phase, there was increased variability
with somewhat higher velocity that then stabilized and
remained fairly constant for the last 2 phases of treatment.
Thus, there was an increase in velocity from baseline to
end of treatment of about 27%, which persisted at follow-
up. Similarly there were significant increases in step length
of the nonaffected leg (graph B-1) and in stride length
(graph B-2) already after the Ist treatment sessions that
then remained significantly higher throughout the treat-
ment sessions, with further increases in stride length from
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the 6th session. At follow-up, those changes remained sig-
nificant. Stride frequency (Table 1) changed from baseline
to end of treatment and remained significantly higher at
follow-up (0.54 steps/s to 0.58 steps/s).

DISCUSSION

Our data indicate that for this subject, the BFB was
effective in increasing the power production of the
ankle plantar flexors. The increase in power peak at
push-off was coupled with an important increase in
velocity of gait, as well as an increase in stride length
and frequency. Our findings concur with the findings of
Colborne and colleagues® that found an increase in
push-off impulse concurrent with changes in velocity
and in stride length. For our subject, the timing of the
onset of the push-off power was delayed with treat-
ment, whereas the peak power was anticipated relative
to the HS of the nonaffected leg, indicating that a larger
part of the power produced by the plantar flexors may
have been effective for forward propulsion, resulting in
a faster gait and longer stride length. Performance dur-
ing the 1st 10 treatment sessions tended to be very vari-
able, whereas toward the latter part of the treatment
period, it remained more stable.

Although the BFB treatment was specifically aimed
toward increasing push-off power, the change in step
length on the affected side, a symmetry parameter, indi-
cates a more general benefit of the BFB treatment and of
the treatment protocol. This may be due to an overall
improvement in balance and strength. The patient at the
end of treatment used the cane only for longer walks and
for security when he was in crowded places. The changes
we saw in measured variables were thus concurrent with
changes in functional activities of daily living.

Continuous feedback and blocking, that is, constant
feedback applied only during normal walking in the
beginning, may have enhanced fundamental spatial-
temporal patterning. The feedback during varying envi-
ronmental conditions (different speeds, size of steps,
etc.) later in treatment may have trained processes
responsible for scaling the action properly to meet vari-
ous environmental demands.**

REFERENCES

1.  Whitall J. Stroke rehabilitation research: time to answer more
specific questions? Neurorehabil Neural Repair 2004;18(1):3-8.

2. Winstein CJ. Knowledge of results and motor learning. Implica-
tions for physical therapy. Phys Ther 1991;71(2):140-9.

3. Schmidt RA. Motor control and learning. A behavioral emphasis.
2nd ed. Champaign (IL): Human Kinetics; 1988.

4. Winstein CJ, Schmidt RA. Reduced frequency of knowledge of
results enhances motor skill learning. J Exp Psychol Learn Mem
Cogn 1990;80:373-85.

193

com at Serials Records, University of Minnesota Libraries on January 15, 2009


http://nnr.sagepub.com

Jonsdottir et al

10.

11.

194

Lai Q, Shea CH, Wulf G, et al. Optimizing generalized motor
programs and parameter learning. Res Q Exerc Sport 2000;71:
10-24.

Colborne GR, Olney ], Griffin MP. Feedback of ankle joint angle
and soleus electromyography in the rehabilitation of hemiplegic
gait. Arch Phys Med Rehabil 1999;74:1100-6.

Morris ME, Matyas TA, Bach TM, et al. Electrogonio-metric
feedback: its effect on genu recurvatum in stroke. Arch Phys Med
Rehabil 1992;73:1147-54.

Basmajian JV. Biofeedback, principles and practice for clinicians.
2nd ed. Baltimore (MD): William and Wilkins; 1983.

Basaglia N. I Biofeedback in clinic della riabilitazione. Idelson,
Liviana, Napoli; 1992.

Cozean CD, Pease WS, Hubbell SL. Biofeedback and functional
electric stimulation in stroke rehabilitation. Arch Phys Med
Rehabil 1988;69:401-19.

Olney §J, Colborne GR, Martin CS. Joint angle feedback and bio-
mechanical gait analysis in stroke patients: a case report. Phys
Ther 1989;69:863-70.

Downloaded from http:/nnr.sagepub.com at Serials Records, University oﬁ\}llnnesota

12.

13.

14.

15.

16.

17.

Winter DA. The biomechanics and motor control of human gait:
normal, elderly and pathological. 2nd Ed. Waterloo, Ontario:
University of Waterloo Press; 1991.

Knutsson E. Can gait analysis improve gait training in stroke
patients. Scand ] Rehabil Med Suppl 1994;30:73-80.

Rossier P, Wade DT. Validity and reliability comparison of 4 mea-
sures in patients presenting with neurologic impairment. Arch
Phys Med Rehabil 2001;82:9-13.

Pfeiffer E. A short portable mental status questionnaire for the
assessment of organic brain deficit in elderly patients. ] Am
Geriatr Soc 1975;23:433-41.

Frigo C, Rabuffetti M, Kerrigan DC, et al. Functionally oriented
and clinically feasible quantitative gait analysis method. Med Biol
Eng Comput 1998;36:179-85.

Portney LG, Watkins MP. Foundations of clinical research; application
to practice. Upper Saddle River (NJ): Prentice Hall Health; 1999.

rorehabilitation and Neural Repair 21(2); 2007

aries on January


http://nnr.sagepub.com


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /SyntheticBoldness 1.000000
  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




