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Recent literature suggests tigait dynamics plays a role in establishing healthy,
adaptive gait behavior, and that illness or injury can alter the dynamic patterns of gait
(termed fractal patterns) So cal | ed fdyna miracta pattethsis e as e s 0
gait, hereby reducing adaptive gait ability and increasingitM| Previous research has
shown that fractal patterns in gait can be strengthened through the sactdila
metronome stimulus. Howeven previous research participid have consistently
presented weaker fractal patterns thegscribed byhe metronome, despite
improvements from their baseline. Opastulates that this gap betwedhe stimulus and
t he p arrespanse s aue toshé prescriptive nature oftineulusi that is, the
metronome is presented with no interaction with the user. If so, the introduction-of real
time feedback regarding synchrony with the stimulus may be beneficial to strengthening
fractal pattems. The purpose of this study wasexanine the role of feedback in
increasing synchrony with a fractal metronome stimulus, and in entraining fractal gait
patternsThere were three hypothesé#st, feedback wouldlicit a stronger coupling
bet ween participantsd dothedtimutbyralaiveitoasonand t h
feedback conditionSecond,tie addition of feedback to the visual metronomosild lead
to astrongeifractal pattern during the training and pastining (retention) phaseshird,
participants with the strongest cougiduring training would exhibit the strongéstctal

patterngduring training and post traininResults showedadifference in coupling



between feedback and néeedback conditionsrheaddition of feedback to the fractal
metronome ledo no significant difference in fractal strength from baseimngaining

and baseline to retentioWhile greater coupling was correlated to stronger fractal
patterns duringraining, therevas no relationship between coupling and retention. This
study was consistent with previous studggportinghe use of metronomes to alter gait
dynamics, and was one of the first to examine feedback in conjunction with fractal gait

training.
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CHAPTER |

INTRODUCTION

It is difficult to overstate the importance of functional mobility for independent
living and high quality of life. Ambulation or gait is a core factor in determining
functional mobility, which refers to the ability safely and effectively navigate thrgiu
the environment. Categorized aBasic Activity of Daily Living(James, 2014), safe and
effective gait is considered instrumental to-®elfe and an independent lifestyle.
Functional gait behavior is the producteény factorsbalance, executivieinction,
muscular strength, timing, and coordination. The complexity of gait provides many
avenues by which deficiency can be introduced. Degradation of functional gait behavior
can occur through injury, aging, or a niwitle of diseases, including Parkim n 6 s ,
Multiple Sclerosis, and stroke. Worsening gait function is linked not only to decreased
mobility, but also an increased risk of injury due to falli@@mpbell et al., 19§9Fall
risk is particularly prevalent in an elderly populatiomthwip to % of community
dwelling adults over 65 reporting one or more falls within the past(#e@ma et al.,

2013) Clinical rehabilitative practice attempts to address these gait deficits and restore a
higher level of funttonal mobility.
It has been acknowledged in recent decades that gait dynamics may play an

i mportant role in healthy adaptive gait be



systems, including the physigieal, which evolve ttough different states as a function

of time.When measuring biological signals across a span of time, minor fluctuations in
thesignal are evident, even when environment factors are unchanged. The historical view
of wvariabi | i tymeanmglesshingtecision inthesmednanismssofetite

system. This paradigm does not see system variability as being of particulaaimspprt
researchers are more typically concerned with measures of central tenderitye (i.e.

mean about wieh the variability occurs). Recently, research has begundwealeate the
importance of variability. Beginning with cardiac dynamiesearchers a started to

view small fluctuations in time series as not only natural, but necessary for the health of
the system.

Utilizing nontlinear mathematical tools, it is possible to examine the structure of
variability, in effect describing how related anyiserof points may be to any other series
of points as a function of time. In this way, the structure oty in a timeseries can
be classified on a spectrum ranging from complex (highly correlated) to uncorrelated
(white noisé. It is thought thahealthy biological systems, such as gait or cardiac
rhythms, should exhibit specificclass of fluctuatiomlescribed as fractal pattermghich
is characterized by repeated patterns of variability across time skdiastal patterris
characterized bigoth low frequency patterns, as well as higlguency fluctuations
Healthy gait rhythmshereforefall between these two poles$ the continuum.

Maladaptive gait behavior may be a result of gait patterns shifting to either exbame.
the one hand highlstructured systems are too rigid to meet altered demands from the
environmentwhile on the other hand an unstructured signal lacks any sort of defined
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pattern that would allow for control. Therefore, healthy systems need some level of
fractal noise toudnction, but a high level of variability leads to breakdown in
functionality.

While yet to be put to clinical practice, it is thought that many gait dysfunctions
can be treated via manipulation of underlying gait dynamics 8d | ed fAdynami ca
d i s e aayeredace pathological gait behavior by driving gait patterns out of the
healtly part of the spectrum, toward either of the two extremes. Attempts to manipulate
gait dynamicsusing rhythmic auditory and visual stimuli have been met with initial
successRhea and colleagu€2014) have shown that synchronization to a visual
metronome driven bg fractal signat an al ter subjectsd positio
gait variability. Participants exposed to highly correlgiatterns are capable of
entraining o thosestimuli and changing their gait dynamics. However, no study has yet
shown the ability to inducéractal patterns of specified t r engt h: parti ci pan
dynamics tend to be significantly less correlateghthe stimulus to which they are
exposed The si z detweén the btimulus gnd thedresultant motor behheamwr
been shown to be a producttbé presentation modality of the stimulus. The visual
metronome manipulation task is ripe for enhancements which ro@ase its ability to
alter gait dynamics

The purpose of this studyasto examine the effect @xtrinsicfeedback on the
resultinggait patternsvhen synchronizing to a visual metronome task. This siwaha
continuation of previous work by Rhagiefer, andWittstein (2014)and represents one
possible avenue for addressing the gap between stimulus and ous@aspdtstulated
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that realtime interactive feedbackould enhance coupling to the metronome and in so
doingstrengtheriractal patternan comparison to the nefeedback conditionThree
hypothesesveretested:

Hypothesis 1Feedback woulélicit a stronger coupling (i.e., higher cross
correlation values) between participants?©o
relative to anon-feedback condition

Hypothesi2: The addition of feedback to the visual metronameeld lead toa
strongeifractal pattern during the training and pastining (retention) phases.

Hypothesis 3: Participants with te&ongest coupling during training would

exhibit the strongest fractal pattewhsring training and posgtaining



CHAPTER Il

REVIEW OF THE LITERATURE

Oveview

This chapter will explore thigerature regarding: (1) the gait tagR) the
variability and adaptability hypothesi@) detrended fluctuation analysi9,) origins of
fractalnoise, (5) snsorimotoand metronomeyschronization (6) crosscorrelations in
gait studies an@7) how feedback can be used to enhance sensorimotor synchronization.
A summary will address opptoinities for further research.
The Gait Task

Gait is a rhythmic, cyclic motion that progresses through-itdrnating stages
during the course of a singlgate. Both limbs experience swing and stance phases in the
course of a complete cycle, which is defined as from one heel strike to another with the
same limb(Winter, 1991)The lower extremities oscillate through multiple stétéesft
limb stance, dual limstance, right limb standebefore returning to their previogsate

The following figure illustrates the stages of a full gait cycle (Hartnedrah.,2010).



Figurel. The Gait Cycle with Proportions for each Phase Wigalthy Adult Gait
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The lower extremities can be described mathematically as a pair of coupled
oscillators; each limb progresses cyclically through stance phase, swing phase, and back
again While constantly in motion, each limb tracemastly consistenpattern in space
During typical healthy gait neither limb operates independefitlyincrease in gait speed
decreases stance times and increases swing times for both limbs symmetrically (Winter,
1991) Each limb moves in antisynchrony with easther,half a gait cycle apartWhile
one limb is in stance phase, the other swings, arwarsaA vital feature of this
system of coupled oscillators is its stability as lkioytle oscillatorswhen subjected to a
perturbation which disrupts the gait cydlee limbs may briefly fall out of antisynchrony
with eachother, but will naturally and quickly recouple, reestablishing the previous
pattern over the course of several striddss behavior allows the gait cycle to recover
following trips or slips tAtoccur during navigation of the physical environment.
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Pathological gait exhibits decreased adaptability to perturb&ging and illness are
linked with maladaptive gait behavior and increased fall fikis may be due to an
altered gait cycle anceducel limb coupling For example, @miparetic gait is common in
sufferers of stroke, where one limbhias significant muscular strength deficits in
comparison tahe otherThis results in asymmetrical gait, with a shorter swing phase and
ground clearance in the affected lif\aughan, eal., 1999) Asymmetrical or
uncoupled limb oscillations may make it more difficult to establish and maintain stable
gait cycles.
Variability and AdaptabilityHypothesis

The adaptability of systems such as the gait cycle is thoodfe linked to
fluctuations of physiological variablé&lass & Mackey, 1988Biological systems have
been long recognized as exhibiting minor fluctuations as a function of time, even when
systemic and environmental factors remanstantStable or homeostatic systems can
be described mathemadity as either steady states or oscillattnghesesteady states,
agiven set of parameters will always produce a constalntion,which does not change
as a function of timeStead/ state models do not provide adequate justification for the
existence of obseed biological variabilityAs such, variability has been historically
considered meaningless no&eerrors in measurement or methodology that were
ignored in favor of meawmalues(Diniz et al., 2011)

Traditional measures of variability focusedtbe magnitude of variability, such
as standard deviation or coefficient of variation, or standard. ginese linear measures
provide a narrow view ofariability as a phenomenohater motor control paradigms
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linked the magnitude of variability the health of a system, whereby increased
variability was a sign of defghctiandrhiglviem c cur ac
is supported by studies showing increased variability acrossrasks with advancing

age and declining functiofiRoos et al., 1997)

This view, that variability across physiological systems is indicative of the
failing health of these systems, rests upf@premise that successive fluctuations are
entirely unrelated to each oth&his form of unstructured, uncorrelated values is
described as Awhite noiseo. However, it ha
systems are not uncorrelated white roBoxandJenkins (1976) published
mathematical processes that allowed the exatioin of time series for dependence
between successive data points, albeit on a-$éwont window of timeCorrelations
between successive points in a system can be obsereedcreasingly large time
scales, suggesting that any individual value is gomession of all prior values in the
series This correlation of patterns in time series is known assseliiarity, fractal
patternsor 1/f noise.

Fractal patterns aygesnt in numerous physiological systems, first evidenced
in heartbeat time seri¢Beng et al., 1993and later in gait stride timgslausdorff et al.
1995) It is also present during fingéspping(Gilden, Thornton, & Mallon, 1995nd
metronome synchronization tagd®orre & Delignieres, 2008)Goldberger and
colleagues (2002) linkealthy behaviors to the presence of 1/f noise, a position
reinforced by the weakening of fractal patterns due to injury, aging, or disease
(Hausdorff, 2007; Hausdorff et al., 1997; Lipsitz & Goldberger, 1998althy gait
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requres the presence &factalfluctuations for proper motor functidiausdorff et al.,
1995) Herman et a(2005)showed that high level gait disorder is correlated with both
increased fallisk and weak fractal patternsis hypothesized that the presence of minor
fluctuations provides a system with the ability to adapt to perturbdtisneasy to
imagine perturbations to the gait cycle: a physical obstacle may result in a trip, after
which a healthy system may be able to recover and return to the original gait. Jaitern
rigid of a gait pattern, i.e. overly correlated, would be unabldaptsto the perturbation
However, an under correlated gait pattern, i.e. white noise, lackstinture necessary
for a coordinated response and is similarly maladaptivetherefore thought that
healthy adaptive behavior resides in an optimal ztra is,neither too structured nor
too noisy
DetrendedFuctuationAnalysis
Due the inability of traditional linear measures to capture the structure of gait

variability, a nonlinear dynamics approads necessaryDetrended fluctuation analysis
(DFA) is a metrichatquantifesthe strength of selforrelation in a time seriese. how
strongly fractal patterns are expresgéiddusdorff et al., 1995pPFA wasinitially utilized
to describe DNA sequencéBeng et al., 1994nd later applied moradadly to other
physiological system®FA examines structure across increasirgtge subsets of a
times series in order to quantify longnge correlations on multiple time scales.

Calculation of DFA begins by demeanialyj points of the time serief.e.,

shifting the mean of the time series to zenajl then summing the points,iag-igure 2



Figure2. Calculation of Demeaning of Data

yk)=B YQ 7Y

The average step interval is subtracted from value of each step interval S(i) to mean
center the data (i.evalues now reflect variation about the average step inteiivas)

y(k) time series is the summation of all demeay(&l values which is therpartitioned

into discretesmaller time seriesA polynomial curve is fitted to each sslries which
rangein size from 4 dea points, to % the length of the time seriHse data in eacbub
seriess detrended by taking the magnitude of the difference between the trend values
and the observed daftBhe amount of fluctuation within each section is computeagusi

the Root Mean Squa(®@MS) method, depicted in Figure 3

Figure3. Root Mean Square Calculation for DFA

V¢ -B 00 @ 0

The logarithm of the RMS function is graphesia function othe logarithm of
thesection sizeriumber of data points in section) in a-og plot This process repeats
iteratively with larger sections up to the maximum s#déine of best fit is constructed,
the slope of which corresponds to the D&phavalue of the time serie¥he entire DFA

calculation is illustrated in Figure 4, from Rhead Kiefer(2014).
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Figure4. DFA Calculation Adapted from Rheand Kiefer(2014). Panel A illustrates an
example demeaned time serieanel B shows the process of partitioning the time series
andcalculating a line of best fiPanel C presents the lag plot of RMS and section

size.
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The DFA alpha metric provides a method of examining variability along a
continuum, as shown in Figurg&daptedRhea Ki e f er etalDZORrHgMye a ,
regular time series yield a DFA alpha of 1.0, while overly randoressgield 0.5

Healthy adult gait usually has a DFA alpha value of around 0.75 (Hausdorff et al., 1995)
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Older adults with gait and balee disorders exhibit DFA values close to 0.5, Whray

be related to decreased adaptability and greater fall risksgtéaff, 2007).

Figure5,Ex ampl es of Ti me Series Depicting Rand:
Random and Persistent (DFA U = OAddpsed, and
from Rhea, Kiefer, D6Andrea, et al. (2014)
| Continuum of the structure of variability |
Random patterns Persistent patterns
DFAa=0.5 DFAa=1.0
‘VV
Between random and persistent
DFA a = 0.75
Origins of FractalPatterrs
There is no consensus in the literature on the origiraofal patterns
biologicalsystemsThe debate is divided primarily between two camps: those who
believe fractal patterns can be caused Al o

believe fractal patterns aam emergent propertgdicative of the complexity of a system

(Diniz et al., 2011)In the former paradigm, 1/f noise can arise from a single asp#ut of
12



system, nothe interaction of the system as a wholéng and Kristoffersorf1973)

posited rhythmic synchroration behavior required two components: a central internal
timekeeper and a motor control procédse central timekeeper is considered the source
of 1/f noise seen in the motor outg@ilden et al., 1995)The internal timekeeper is
therefore responsible for adaptive responses to perturbations to the rhythm.

In contrast, the second school bbudt views fractal patterns as arising from
the interactions between various interdependent subcomponents of the gysystem
exhibiting strong fractal patterns is thought to be more compleomplex system lacks
a central controller; instead, teebomponents are free to behave within certain
parameters, and sadfganize dynamically into a coordinated sys{&an Orden et a|.
2003) This allows for emergent behavior and dynamically changing coordination based
upon environmental changds this view,fractal patterns ar@dicative of complexity,
and therefore emergent coordie@behavioryWest & Brown, 2005)

Sensorimotor Synchronization

Sensorimotor Synchronization (SMS), where motor behavior is temporally
coordinated with an egrnal stimulus, has been utilized to examine rhythmic behaviors
The primary methotb examineSMShas beem finger tapping task in coordination with
an audio or visual metronomidumans are capable of synchronization to stirofl
various tempos withase To synchronize with an external event requires the capacity to
anticipate the next occurrence of that eveatly studiegWoodrow, 1932hoted that

participantsod taps plockedadostimulessby dn intergahaf o f
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milliseconds This anticipatory tendency is quantified the negative mean asynchrony
(NMA).

Accepting the complexity hypothesisfofctal patternsand rejecting the notion
of an internal timekeeper requires an alte
successfully cordinate tapping interval®ather than rely on an internal timekeeper,
Dubois(2003)developed the construct of strong anticipation to explagmability.
Strong anticipation models timing as an interaction between an organism and its
environment as a single dynamical systémtead of relying on previous data points to
anticipate, hyprincursive reference to previous and successive data poused by
examining multiple time scales, not julselocal scale (.e., current moment Global
coordination betweethe organism and environment requires fractal time scalimgr-
tapintervals for finger tapping tasks display fractal patternsistent with coupling or
entrainment. Studenka and New@013)examined the role of whé termed
prospective contrglLee, 1993)They utilized a force production task, where participants
modulate the amount of force their fingers produced to fdihaawith a displayed force
curve Participants were presented with signalsafying regularity §inusoidawaveand
fractal patterns down to white noise), and were given prospective informatioa (i.e.
visual representation of the force curve coming up) of varying durafitves findings
noted that less regular signals, suclrastalpatterns, benefitted from larger prospective
windows This further supports the strong ampation model by demonstrating the use of

future data points across multiple timescales to infoercthrent moment.
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Metronome Synchronization

Given the established link between fractal patterns in stride time, gait
complexity and adaptive behavior, a new focus has developed in recent years on
manipulating gait timing in order to entrain strong fractal pattdmis has been
accomplished utilizing chaotic metronom€&$aotic metronomes are ones that do not
have a fixed perigdutinsteadexhibit a form of structured noise. Stephen €2a08)
used a chaotic auditory metronome with a finggping taska scenario where local
prediction should be impossiblEhey f ound that the structure
wasstrongly correlated to the structure of the metronome (r=0T9% favors strong
anticipation, showing that participants can coupleéglobal time structurd@he
interaction between metronome and participant can be viewed through the dynamical
systems framework as the coungjibetween the oscillating gait cycle and the external
oscillator of the stimulugRepp, 2005)This coupling relationship allows for entrainment
of fractal patterns

Previous work by Rhea and colleag(2814a,20140 demonstrated the
efficacy of visual metronome tasks at modu
synchronizing to the metronome, metl0 minutesmmediately followingremoval of the
stimulus Study participants were tasked with synchronizhr@y self-paced gait cycléo
avisualmetronomeprojected on a screen in front of a treadmvith an underlying
fract al pat t eSeveral halEsAf ptésentidg.th@ 8igual metronomes were
utilized. Discrete, flashing foot prints and continualigling footprints successfully
entrained stronger fractal patterns, pushing participamssan DFA U si gni fi caé
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higher Crosscorrelational analysis of time lags showed a contlmnaof proactive and
reactive strategies necesséor entraining new p&rns.This crosscorrelational profile
is consistent with previous findings from successfuakcyonization trials (Stephen et al.,
2008).

However,avisual stimulus presented using a virtual avatar had the opposite
effectwe akeni ng p arpatitems, resaltng i parti¢ipardsexhibiting white
noise patternéRheaet al 2@4c). It was initially postulated that this stimulus was
presenting extraneous information that only served to distract participants. A-tgilow
study utilized an ey&racking heagnounted camera system to exantimefocus of
attention(MacPherson and Rhea,1X). Results showed that participants attended
specificallytothea v at ar s 6 h e el ,codscornrelat®onal abagyssgfounde@o t hi s
evidence of the proactive/reactiveastigies necessary for retention, suggesting that an
avatarstimulus might not be a viable stimulus mode to develop fractal gait
characteristics.

Data from astudy by Hove et a{2010)can be used to help explain the results
from Rhea and col | eagueexdaninedahe effect of difidrent e an d

modes of visual stimuli in fingelpping tasks, as shown in Figure 6.

16



Figure6. VariousPresentatiorModes forVisuomotorSynchronizationTask Adapted

from Hove et al. (2010).

Flash Up-down Bar
Rotating Bar Finger

Their results let to the conclusitimat continuous, motienompatible stimuli
induced the best performamat the taskt is thought that the visual system is not as
adept at processing rhythmic information as the auditory sy&térght & Elliott, 2014)
However, a combination of spatial and temporal information, such as a rhythmically
moving bar, is better processed visuadiative to a discrete stimulus, such as a flashing
squareln a task such as gait, where optic flow is heavily weiglitédrren, 2006)this
may be especiallytruét i s i mportant t o ndohleeideb hat t he
footage of a finger tappirdgelicited poorer performance than the other spatiptesal
conditions It is believed that biological representations ofttsk, such as the avatar
metronome oMacphersorandRhea(2015), is overly constrainingn a dynamical

systems view, a system selfganizes in order to accomplish tasks, and is capable of near
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infinite solutions to a tasiBy presenting a fulbody avatar, iformation is provided
beyond timing of heel strike to include the whole gait cy&teempts to conform to this
gait cycle constrains gait behavior, disrupting the-sedfinizing complexity of the
system and reducing gait patterns nstouctured white nee (MacPherson & Rhea,
2015)

It is important to note that the fractal patternsduced when synchronizing to
visual metronomes are not identically structured to the patterns of the stidsisisown
in Figure 7, entrained patterns approach,
0.98 The size of this gap differs based on pnéggon modalityRhea Kiefer, Wittstein,
et al., 2014)In this case, participants were asked to synchronize to a discrete stimulus
(flashing left and right foot prints) or a continuous stimulus (footprints that slide along
the ground). However, in both presentation moties target valuesd the expressed
values were significantly differenthe difference between the target and expressed
valuesmay be indicative of the limitations of purely prescriptive visual metronoimes
order to more accurately manipulate fractal patterns, interauteods of presenting

the patterns may prove useful.
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Figure7.P a r t i diFpAdkueswherBubjected ® Two PresentatiorModes of
VisualMetronomeln each mode, DFA values while attending to metronoma&irfing
fails to reach th®FA level of the metronomethe dottedyrayline). Adapted from Rhea,

Kiefer, Wittstein, et al. (2014)
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CrossCorrelation of Time Bags

Crosscorrelational analysis is a tool that has been previously used to examine
the coupling of two systems during anticipatory tak (Marmelat & Delignieres, 2012)
and during synchronization to a fractal gait metronome (Rhe& i ef er gtalDO Andr e ¢
2014). Crosscorrelation compareséh par ti ci pant wtheseries i de t i me
produced by the metronome, across a number of positive and negative time adjustments.
Doing so allows for not only the correlation of time series (i.e. how well a participant
mimicked the metronome) but aldee assessment of strategy (aipi@tory vs.
reactionary)This can serve as a check to ensure that participants are in fact coupling to
the metronome as instructed.

As shown in Fgure 8 MacPherson and Rhea (2015) compared €ross
correlational data bewen a fractal avatar metronome (A), a fractal discrete metronome
(B), and a white noise discrete metronome @k discrete fractal metronome displays a
moderate crossorrelation, with distinct peeks about the central point (no asynchrony).
This is indi@tive of an ability to couple to the stimulus, with a variety of anticipatory and
reactionary strategies amongst subjdct€ontrast, the avatar creserrelation is very
low, similar to white noise, and entirely devoid of evidence for coupling stratddis
suggests that an avatar metronome task is not an achievable task, even in young healthy

adults.
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Figure8. Comparison of Cross Correlation of Time LdgsVarious Metronome Signals.

PanelAs hows correlation of participantso stri
metronome. Panel B depicts correlations with discrete flashing fractal metrdpanss.

C shows correlation with a white noise metronoAdapted from MacPhersandRhea

(2015).
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Extrinsic Feedback tdncrease Synchrony

Schmidt and Le€1988)describe feedback as essential to the process of learning
new motor patterngn many synchronization studies, such as those previously performed
by Rhea and colleagues, participants were limitaédeiving intrinsic feedbacKhis
information is selgenerated and may include proprioceptive informategarding the
position of the foot or movements compared to internal rnykbaping However,
intrinsic feedback fail¢o provide definitive knowlege of resultgi.e. success/failure at
the task) and sgerformanceanay befurther enhancedith the additiorof extrinsic

feedbackAugmented extrinsic feedback may be of use in complex skill acquisition and
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performance$winnen, 199BExtrinsicinformation about performance has been shown
to reduceabsolute error in positioning tas{@ilodeau, Bilodeau, & Schumsky, 1959)
suggesting that the addition of extrinsic feedback to the fractal metronome paradigm
utilized by Rhea andolleagues could enhance performance

Extrinsic feedback in the context oansorimotor synchronization paradigm
could take the form of visual or auditory cues indicating success or failuradorepize
with a metronomeFor exampleAschersleberi2003)used visual feedbaakuring an
anticipatory synchronization tagke., finger tapping to a metrononte)reduce negative
mean asynchronywhichincreasdp ar t i ci pant so6 abi |-locked synchr
metronomeKuznetsov and Wallq2011)found tat increased feedback reduced the
presence of fractal patterns during terpcked finger tapping. In this context, a
reduction of fractal pattermaay be interpreted as evidence of the emergence of newly
developed movement patterns as the system reaegamiresponse to feedbadk the
domain of continuous tasks, the effect of extrinsic feedback has been examined in
isometric force productiorstudenka and Newell (2013) found that when tracing
irregular force production curvethecombination of prosgctive control (i.e. future
curve information) and reactive feedback (i.e. previous curve information and personal
performance) were corgled withincreased performance.

Feedback scheduling for optimal motor performance and learning has been
explored in previous researc®tudies have examined both tiedativefrequency of
feedback (how often it is received) and the timing of feedback (how quicklyeceived
after each trial)There is currently no strong consensus on optimal feedback scheduling.
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A series of studies involving positioning tasks showed no diffesangeerformance
between 100% feedback (feedback after each trialparduced fquency of feedback
in either short term or long term retention testnear positioning taskand in timing
tasks(Sparrow,1995. This suggests that the effect of feedback frequenccguisition
andretention may be specific to the takexaminirg feedback timing, immediate
knowledge of results has been shown to enhance motor performance, though this comes
with the risk of developing feedback dependency (Anderson et al., 2001).

Realtime visual feedbdchas been used with some success irfidie of gait
rehabllitation (Barrios, Crossley, & Davis, 201@) retain movement patterridowever,
to the authordos knowledge there is current
fractal pattern entrainment in gait
Summary

The literature sbws thatfractalfluctuatiorsin biological systemarecorrelated

with the healthy function of those systerRgactalfluctuatiors arethought to prepare the
system for external perturbation, allowing the system to adapt to the disruption and
resumenormal functionIn gait, weakening of fractal patterns is associated with
maladaptive gait and increased fall riBlathological populations, such as sufferers of
chronic stroke or Parkinsonbd6és disease, exh
D F A vallies The manipulation of gait dynamics to improve or restore healthy fractal
patterns represents a promising new approach to gait rehabiligioemporally
coordinating stride times with an external visual metronome, it is possible to entrain to
alter fractal patterns, with evidence of shigmm retention
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Despite the promise such interventions httére is a gap, both litetpland
figurativdy, i n our ability to push.Tipoaghitis ci pant s
possible to alter gait parns toward the desired end of the spectrum, it has not been
previously demonstrated that gait patterns can be trained to exhibit the DFA target
provided by the stimulug he extent to which gait patterns fall short of the goal appears
to be affected byhe presentation modality of the metronome, with biological forms
having a detrimental effect.

To date, experimental interventions manipulating gait dynamics have been
prescriptive That is, a stimuls is presented and the participant is tasked with coupling to
the stimulusThere is no interactivity between the participant and the stimaé&eslback
in other domains, such as finger tapping and isometric force production, has been shown
to be beneficibto improving adherence to the taskcorporation of interactive feedback
stimulus may provide a tool for participants to adjust their performance in real time,
decreasing the size of the gap between their performance and the targetagtern

proposedstudy intends to examine how this tool might beduse
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CHAPTER Il

OUTLINE OF PROCEDURES

Participants

2oung heallmay e afdanida Isreeli 792H\®3 ® 7 wmi ght :
70.57N10.a60% \k.2835. )dytera@e sr ui t ed a8 ep&NCGeci RBnt
apprdavke study procedusrigaea@odsaehlt parmicPpa
subjwecdesc|l uded for the following criteria:
cardiac or respnatatoaryr adtl ewenstsoc uNaasmaam meeld
di sorder s.
I nstrumentation

The participants' gait dynamics datarecollected using 12 Qualysis motion
capture cameras (Gothenburg, Sweden) while on a Simbex Active Step treadmill
(Lebanon, NH)Qualysis TrackManagemwereused to label anatomical landmarks, which
wereimported into Visual 3D software (@lotion, Germantown, MD)Visual 3Dwere
be used to create tinrgeries of stride time. Matlab (MathWorks, Natick, MA¢reused
to compute detreradl fluctuation analysis of the stride time tiseries Crosscorrelation
of time lagswerecalculated using custom Matlab scsiphd Excel software. Participants
alsoworeeyetracking goggles (American Science Laboratories, Los Angeles, CA),
which recorded participants' field of view, eye fixations and saccades during the

experimental conditiong.he eyetracking data were used to determine whether the
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participants were looking proactively or reactively at the visual stimulus. However, that
guestionis outside the scope of the manuscript associated with this thesis, so-the eye
tracking data is presented in Appendix A.
Procedur

All partiedihpandtash winsittwo separate days
bet ween the firskPtroand osddend igesdsiserss. on,
medi cal hi story and phylshiedyatad st hnedt y hques
sel ected wayl kwanlgk isnpge eodn a attr &a dwvais| Is htdhwd ty st
increapedd unti panhei pvarst & theedy tweate at t hei
wal ksipnegéd @ xtth,e pastact pdmRwal kmi g asntdeadmi | | s
was sl owed down tlhmas!| thekey nhodmebdt wdl ki ng
speed was t heed dlaketne ch swa lhksiprege dssp ewveed ei fwi kit vt
of eachOotthkrewi se, theThprocelosen wapeeaddwae
sessTlhemsaverage prefetr#/. awhd ki ng speed wa:

In each session, participants comptete33minute treadmill walkhatwas
administered in three 1@inute phases. The first 10 minwtendow wasthe pre-training
phase (taken astaseling, where participants walked at theeli-selectedspeed with no
stimuli presentThe next 10 minutevindow (trainingphasé included synchronizintgheir
heelstrikesduring walkingto a fractal visual metronome projected in front of them
(Figure9). Participants saw see one of two different visual metronomes each day
(feedback or nofieedback conditions)he order of which was be counterbalanced. In the

final 10 minute window (postrainingphasg, the metronome was removed, and
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participants continued walking at their seéflected pacéill three 10 minute phases
were completed in succession, leading tar@dutes of continuous walking per testing

day.

The visual metronome used was identical
Kiefer, W ttstein, et al., (2014), except
Botvhh smeatlr onomes conlsefstt eadnd fr ifd lats hfi gt pr i nt
ground m@mnanevere presented 2 meters on a pr
treadmiel ti mi ng of the appear ana= 00.f9 8&)h,e wiot
a meanmet oif dd . tL.if h K e6f re@e?d bsaecck condi tion, t he
remai ned absowg) eBiewol|l p#ogéflen t he feedback c
foot weiret sli spbhgedbasaed on -gthr@éighpeae n iici ptalme
paritpiamt 6s correspemddnhygeheelcaway from the
when the footprint appear ¢ ¢th adsreteh@pdasnireld | dh ey
Fi g@®.reT,hbe participants were provided perfc

throughout the 10 minute training phase in
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Figure9. Concept of Visual Metronome Stimuluanel A depicts position of projected
stimulus in relation to treadmilPanel B shows heel strike stimulus in feadback

condition.Panel C depicts success/failure feedback in the extrinsic feedback condition.

Left heel strike Right heel strike

Success Failure

Participantsalsowore eyetracking gogglesApplied Science Laboratories,
Bedford, MA) during thesynchronization phase of each sessidrese goggles recorded
the scene from the perspective of the participant, as well as pupillary fixations and

saccades at a rate 30 Hz.

Gait data wer e -ccaarelreac tneod i wosni ncgp pa ulre sy
Gohtenbur g, Sweden)Restarsopl edt a v e2 @Capkrascyesd mar
at anatomi cal |l andmar ks on the Wwempdacedl ym
on the | ateral surface of the shank and th
aretri or and posterior superior iliac crests
posterior aspect of the calcaneus, and the

tot al ofwde mhr kdr s0 each sulb0j ect , as show
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Figure 10. The Locatiorof Panels and Individual RetiReflective Markers for Data

Collection
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The raw position time series data were reduced to-sttigle interval (1SI) series
using Visual3D (EMotion, Germantown, MD)The resultant timseries were processed
to calculate two metrickirst parti ci pants6 gait timing wa:!
provided metronome using cresgrrelational analysishis analysis quantifies the
coupling between thigactal gait patternexpressed by the ganpants to thdractal
patterngresented by the visual metronoribe crosscorrelation data were analyzed
two ways. Firstthe peak correlation for each participant was examined to determine if
their coupling to the metronome got stronger in the fegdbandition. Second, the
standard deviation of crogsupling across participants across all time lags of interest (
20 to 20 samples) was examined to determine if participants were converging on a
common coupling strategy within each metronome condibi@xt, Detrended
Fluctuation Analysis (DFA) U values were ¢
of parti ci panTheOFA ant crassbeelational amalys aeresomputed
using custom Matlab $wvare (Mathworks, Natick, MA).
Statistics

To address hypothesis ibffluence of feedback on coupling to the fractal
metronome) two separate tv@led dependerdampled-test wereused The first one
was run on the peak correlation for each participant between the two metronome
conditions in order to determine if their coupling to the metronome got stronger when
feedback was present. The second one was run on the SD etcupling acres
participants across all time lags of intere20(to 20 samples) to determine if participants
were converging on a common coupling strategy within each metronome condition. Also,
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delta scores were calculated for both peak correlation and SD of tisecorgsing in
order to examine changes in synchronization strategy.

To address hypothesis 2 (influence of feedback on fractal gait patterns), a 3 x 2
repeated measures ANOVA avalses, with phase (prepar t i ci
training, training, and @sttraining) and condition (no feedbk and feedback) as the
within-subject factors.

To address hypothesis 3 (relation between coupling strength during training and
retention) &Pearson correlation coefficiewts calculated between the peak cross
correl ati on v aldringdraining &d podtaining $ignitcance for all

tests were setprioiat U=0. 05
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CHAPTER IV

MANUSCRIPT

Targeted foithe journal Motor Control

Introduction

Functional gait, the capacity to navigatevironmental obstacles effectively

categorized as a Basic Activity of Daily Living (James, 20a#)activity that is essential

to selfcare and an independent lifestyhile functional gaitbehavior is the product of

many factorsit has beersuggestedh recent decades thidiie manner in which gait varies

over time (termed gait dynamiaslayr ef | ect a per s o (Hausdofffunct i on

2007;Rhea& Kiefer, 2014; Stergiou and Deek 2011). That is, even when walking at

preferred pace on a treadmill, every step is slighalyedfrom the previous one. In

young healthy adults, these gait dynamics exhibit a particulasisalar structuré

termed fractapatterns Aging, pathology, andisease leads to a weakening of the fractal

patterns, and also corresponds to a decrease in functional mobility, as defined by an

increase in fall rates and perceived limitati@nth respect to walking abilitgHausdorff,

et al.,1997; Hausdorff, 2007 hus, finding a way to strengthen the fractal patterns

within gait dynamics may enhance functional mobility in aged and clinical populations.
Attemptstomamp u |l at e par t i ci msangthghiic duditarg t a | pat

and visual stimuli have met withitial succesgHove et al., 201Xaipust et al., 201,3
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Uchitomi et al, 2013; Marmelat et al2014; Perdink et al., 2015Ferrier, 2016. For
examplejt has beeshown that synchronization to a visual metronome driveindayal
patternccana | t er subj ect sd posi variabilty(RheaoKiefer,t he s p
Wittstein, et al.(2014) That is, @rticipantswho were asked to synchronize their stride
timing to a metronome with strong fractal patterns veaable of entrainintheir gait
patterngo the stimulusHowever, it was observed that participants were only able to
alter their gait dynamicoughly halfway between their baseline and the fractal strength
prescribed by the metronomliewas proposed that the lack of spietiy may have been
due to the type of stimulus providethus, experiment, Rhea, Kiefer, Wittstein, et al.
(2014) compardvisual metronomedriven by a fractal pattern, but presented either
discretely or continuously. With both stimulus presentations, the participantaler®
alter their gait dynamics halfway to the prescribed fractal strength, and retention (tested
immediately after th&0 minute fractal gait training) was only observed after the discrete
stimulus. Thus, it was postulated tippr t i ci pant sé6 inability to
strengthmay be due to other factors, such as the lack of feedback.

Although the role ofeedback in motor control and learning is a vatlldied
topic, it has yet to be incorporated in fractal gait traininggractive cuing has been
explored Hove et al., 2012; Uchitomi et al., 2018t this method only takes the
performer§past movemedrnnto account when producing the next stimuwus and it
does not provide the participant with any information about their performaruesic
feedbacki(e., externallyprovidedfeedbackhas been shown to lbseful in the
acquisition of a new motgrattern Swinnen, 1995 Feedback can be provided either
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after the completion of the motor task, or continuously during the execution of the motor
task in order to guidparticipantsas adjustments are madéwe addion of extrinsic

feedback to th&actalvisual metronome may allow participants to couple more closely

to the stimulusind maystrengthen their fractal patterns to a greater extent.

The purpose of this studyasto examine the effect of extrindieedback on the
resulting gait patterns when synchronizing to a visual metronome task. This study is a
continuation of previous work by Rhdgiefer, Wittstein et al(2014) and represents one
possible avenue for addressing the gawéen stimulus and goit. Threehypotheses
weretestedFirst, feedback wouldlicit a stronger coupling (i.e., higher crassrelation
values) between participantsd gait dynamic
nonfeedback conditionSecondthe addition of éedback to the visual metrononveuld
lead toa strongerfractal patterrduringthetrainingand postraining (retention) phases
Third, participants with the strongesiupling during training would exhibit the strongest
posttraining fractal patterns.

Methods
Participants

Nineteen young healthgdults(10 male and 9 female; height: 172.38+9.97 cm,
weight: 70.57+10.69 kg, age: 23.47 +3.85 ygpesticipatedn this study. All subjects
werescreened via seleport questionnaire fareurological conditions, cardiac or
respiratory illness, or structural injuries that would degrade their gait perfornfdhce.

participants were additionally screened for deficits in visual a¢cityrective lenses
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were permittedand colofblindness thiawould affect their ability to synchronize to the
provided metronome.
Ethics Statement

The University of North Carolina at Greensboro institutional review board
approved all procedures, and all participants signed an informed consent form prior to
participation.
Procedure

All participants visiedthe lab on two separate days for testing, with 48 hours
between the first and second sessiémmr to the first session, participants completed a
medical history and physical activity questionnairbey alsadetermined their self
selected walking spedxy walking on a treadmill that startetlO m/s anavas slowly
increasedn speed until participasindicated thatvas they were at their normal walking
speedNext, participans started walking a2.0 m/s andhe treadmill speed was slowed
down until they indicatethatwas their normal walking speed. The average speed was
then taken as their sedklected walking speed if baspeeds were within 10% of each
other Otherwise, the procedure wadministered agaiuntil both speeds were within the
threshold of agreemerithis chosen speed was used for both sessldresaverage
preferred walking speed wasl0+£0.11 m/s

In each session, participants comptete33minute treadmill walkhatwas
administered in three 1®inute phases. The first 10 minwtendow wasthe pre-training
phase (taken astaseling, wheren participants walked at theselfselectedspeed with
no stimuli presentThe next 10 minutevindow (trainingphaséincluded gnchronizing
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their heelstrikesduring waking to a fractal visual metronome projected in front of them
(Figure ). Participantgollowed one of two different visual metronomes each day
(feedback or notieedback conditions), the order of which was be tenbbalanced. In the
final 10 minute window (postrainingphaseg, the metronome was removed, and
participants continued walking at their sefflected pacall three 10 minute phases
werecompleted in succession, leading to 30 minutes of continuous wadkintesting
day.

The visual metronome used was identical to the one in experiment 2 of Rhea,
Kiefer, Wittstein, et al. (2014), except one of the metronomes had a feedback feature.
Both visualmetronomes consisted of flashing left and right footprimit) a moving
ground plangand were presentedtora projection screed metersn front of the
treadmillThe ti ming of the appearance of the
a mean stride time of 1.17 £ 0.07 sec (Figure The mean stridéme was chosen to
closely match mean walking speed in healthy adults, and to be consistent with previous
work, In the norfeedback condition, the footprints remained a single colawn, see
panelB in Figure ). In the feedback condition, the footpgsmvere displayed in eolor
based on the participant's hatliked green ifthecorresponding heel was less than 2 cm
vertically from the treadmill belivhen the footprint appeared i@dif they wereabove
that thresholdsee paneC in Figure12). The height of the calcaneus marker was tracked
in real time by the metronome script, which made the determination of which color to
display for each footprintThus the participants were providedtrinsicfeedback on
every step throughout the 10 miautaining phase in the feedback condition.
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Figure 1. Time Series of Metronome Stride Intervals
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Figurel2. Concept of Visual Metronome Stimuli&anel A depicts position of projected
stimulus in relation to treadmilPanel B shows heel strilsimulus in noAfeedback

condition.Panel C depicts success/failure feedback in the extrinsic feedback condition.

Left heel strike Right heel strike

Success Failure
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Gait data were collected using ad@mera motion capture system (Qualisys,
Gothenburg, Sweden) sampled at 200 $lhjects were fitted ith retroreflective
markers on the posterior aspect of the heel. The raw position time series data were
reduced ta@ninter-strideinterval (ISI) series using Visual3D {Kotion, Germantown,
MD). The resultant time serigtawere processed to calculate two metrkisst,
participantso6 gait timing was compared to
correlational analysisthis analysis quantifies the coupling betweenftaetal gait
patternsexpressed by the participa to theractal patternpresented by the visual
metronomeThe crosscorrelation data were analyzed two ways. Ftret,peak
correlation for each participaatross conditiongias examined to determine if thpeak
correlation (i.e successful cougjito the metrononmjancreasedn the feedback
condition. Second, the standard deviation of comgpling across participants across all
time lags of interest20 to 20 samples) was examined to determine if participants were
converging on a common cougdiistrategy within each metronome conditibsiext,
Detrended Fluctuation Analysis (DFA) U val
underl ying dynami cs o fThgbBAand cosspreelatiormld st r i d
analygs werecomputedusing custom Matlaboftware (Mathworks, Natick, MA).
Statistics

To address hypothesis ibffluence of feedback on coupling to the fractal
metronomejwo separatéwo-tailed dependerdampled-test wereused The first one
was run on the peak correlation for each participant between the two metronome
conditions in order to determine if coupling to the metronome got stronger when
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feedback was present. The second one was run on the SD etaupdisg across

paticipants across all time lags of intere((to 20 samples) to determine if participants
were converging on a common coupling strategy within each metronome condition. Also,
delta scores were calculated for both peak correlation and SD of thecorgsmg in

order to examine changes in synchronization strategy.

To address hypothesis 2 (influence of feedback on fractal gait patterns), a 3 x 2
repeated measures ANOVAwasmm par t i cadvplaes with phade Fpre
training, training, and pogtaining) and condition (no feedbk and feedback) as the
within-subject factors.

To address hypothesis 3 (relation between coupling strength during training and
retention) &Pearsn correlation coefficient was calculated between the peak cross
correlation v al dudng tranimglandpbgainiby Sigaificanee $or
all tests were setprioiat U=0. 05.

Results

Hypothesis linfluence of feedback on coupling to frectal metronome

The crosscorrelation analysis showed no differenbesveen feedback and
nonfeedback conditioni the peak correlatio(18) = 1.90p = .07. However, the SD
across time lags was smaller in the no feedback condif#0),= 11.16p < .001(Figure

13).
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Figurel3. Cross Correlations of 40 Time Lags. Gray lines indicate each individual

subjectdés data. The bold black.lines indic
No feedback Feedback
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Hypothesi: Influence ofeedbaclonfractal gait patterns

Analysis of DFA values showed that tleedback (with/without) x phase
(pre/sync/post) interaction was significa¢2,36) = 3.49p=.04 p a7=0.314 | d
(Figurel4). Follow-up tests showed theiningand postrainingphases were higher
than thepre-trainingphase in the no feedback conditign(.02), but no differences were

observed in the feedback condition.
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Figure1l4. Mean DFA Values for Phase and Feedback Condifisterisks indicate

significant increase from Piteaining within themetronome conditian

m No Feedback  m Feedback

Pre Training Post

Hypothesis 3Relation between coupling strength during training and retention

There was aignificantcorrelation between peak cressrrelationduring
trainingand DFA values during training in both the feedback condriidi) = .769,p <
0.01, and the nefeedback condition(17)=.787,p < 0.01.However, here was no
correlation between peak cressrrelationduring training and DFA values during
retentionin either the feedback conditio(iL7) = .15,p = .55, or the nofieedback

conditionr(17)=.28,p = .246.

Discussion

The purpose dhis study was to examine the utility of extrinsic feedbark
enhanethe effectiveness of fractal gait metrononteslterfractal gait dynamics. It was
hypothesized thahe addition of feedback after each step wadeddl to strongefractal
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gait patterngduring training and retentioand that fractal strength would be correlated
with stronger coupling to the visual metronoriiBe results show th&tedback did not
leadto stronger coupling in comparison to the fieadback metronome, nor did it lead
to stronger gait patterns during training or piwatning. Further, couplingtrength during
trainingwas not found to be correlated witle strength of th&ractal gait patterndn the

posttrainingphase.

The development of new fractal patterns can be compared to the learning of a new
motor skill. In that context, a certain level of extrinsic feedback is known to aid in the
accurate performance of a new motor skileTguidance hypothesis of extrinsic
feedback posits that extrinsic feedback serves to direct the participant toward desired
modes of motor behavior more effectively than taatlerror Swinnen, 199§ This is
useful to achieve the desired movement qyicklring initial practice. It was postulated
that this feedback mode would have enhance
metronome. However, the addition of feedback to our visual metronome did not enhance

fractal gait patterns.

The esultsfor the nonfeedbackmetronomenere consistent with previous
research using the discrete footprint metrongnikh ea, Ki ef er, D6 Andr ea
Rhea Kiefer, Wittstein, etal., 2014) Par t i ci pant s &trefigtheneth a | patt
the current stug and there is evidence of shtetm retention of these patterafser 10
minutes of traininglt is interesting to note thathile the peak crossorrelation did not

change when feedback was added, the SD across time lags was increased. This suggest
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tha participants converged on a more common synchronization strategy in the non
feedback condition, but exhibited varied strategies once feedback was added. This
observation suggesextrinsic feedbackrovided in a continuous manner may not be the
most sakent information for this type of task. In order to successfully synchronize to a
fractal metronome, a certain level of prediction about the next time interval between
footprint flashes is necessary. This anticipation has been testnoed) anticipatioras

first defined byDubois et al. (2003) and empirically shown in human timing patterns by
Stephen et al. (2003). The strong anticipation framework suggest that humans are
sensitive to fractal patterns when attempting to synchronize to a stimulus withragvaryi
time interval. The derivation of this sensitivity is still an empirical question. Data in the
current study suggest that immediate extrinsic feedback on synchronization performance
does not elicit stronger fractal gait patterns during or after traiimge the strong
anticipation framework suggests that humans are sensitive to fractal patterns, and such
patterns require a relatively long time to evolve, focusing the participants in on their most
recent behavior may have caused them to not attenditdahgerterm evolving

behavior, which may accountforthepr edi ct abi |l it yo when feedb.
fractal metronome. Thus feedback using a larger retrospective windowed approach may
allow participants to better attune to the underlying fragzatlerns of the stimulus,

potentially leading to stronger coupling. Such a windowed approach, both retrospective
and prospective, has been shown to enhance synchronization behavior (Studenka &

Newell, 2013).
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Thereare at leastwo potentialreasonsvhy theaddition of feedback did not
enhance fractal gait patterfise first is thantroductionof feedback increased the
variability of participant® c-cooedasions. Participants may be demonstrating more
widely differing abilities to integrate the feedlkanto their synchronization strateg9r
conversely, the increased variability may show varying degrees to which participants
were successflyl able to ignore the negative aspects of the metronome, be that over
exposure or a negative affective responseided by repeated discouraging feedback.
Secondly, immediate feedback after each trial may induce an overreliance on the
feedback for performancé@he guidance hypothesis also assds ta frequent
feedbacknay causehe participant to rely othe feedbackwhenexecuting the motor
task, rather than engag in the development of a sedEntered movement strategy.
Thus, when frequent feedback is removed, performance has been shown to degrade
(Winstein & Schmidt, 1990)n the current study, whesxtrinsicfeedbackwvas removed
posttraining, no retention was observed, suggesting that litth® actualmotorlearning

took place.

This study was intended to set the groundwork for future studies into feedback
based fractal intervention&s such, theselectedrequency of feedback was chosen as an
initial point of entry into the feedback domairhe presentation of the feedback was also
chosen so as not to alter the appearance of the metronome more than necessary, in order
to facilitate comparison tprevious worklIn future studiesa more altered visual
feedback may prove beneficiéh particular, future work would reduce the frequency of

feedbackThe feedback presented in this study was designed to be an indicator of when
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par ti ci p a nsynswith theeniefronoméntfutuework, a bandwidth approach,
where participants only received feedback when they are no longer in synshoahy

be explored.

In conclusion, his study demonstrates ttiae addition of extraneous feeatik on
every step during a fractal gait training session does not lead to stronger fractal patterns.
It is likely that less frequent feedback would be beneficial in this contiextever the
optimal profile of the feedback schedule has yet to be detedmivikile fractal gait
training shows some promise, researchers should continue to use motor learning
principles to guide the development of their protocol in order to get the desired motor

output.
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CHAPTERV

DISCUSSION

Functionalmobility, specifically the ability to adapt gait to perturbasomay
be related to under | yi nrgisspeaificfoenrohvariability, i ndi v
termed fiFract al Patternso c osandéddcreaseslfat o f un
risk. However, these patterns weaken with age or patholotgrventions designed to
strengthen fractal patterns in gait may be of clinical utility in addressing falFria&tal
visual metronomebkave been successfully utilized to strengthen fractadrpattn both
patients with pathology and healthy participahtswever, the degree to which fractal
metronomes caalter gait dynamics appears related to presentation modality, with no
current method able to induce fractal patterns of specificstreflggh. i s, parti ci p
dynamics remain preseobnsistentlyweaker tharhe fractal patterngprescribed by the
metronome stimuludVhi | e t hi s gap between stimulus ar
represent a ceiling effect for this intervention, exploring othethods of enhancing the

visual stimulus may yield a breakthrough treatment for dynamical diseases.

A limitation of previous wrk with fractal metronomes is the prescriptive nature
of the stimulus, involving no direct inter
stimulus received. Thistudy was intended to move away from a-nmeractive,
prescriptive stimulus towardraore useiinteractive metronomd.o that end, this study

compared a nefeedback metronome to one where participants received feedback about
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their timing aftereverystef.he ai m of adding feedback was
ability to actively synchonize with a dynamic metronome, and in so doing, more closely

mimic the strong fractal dynamics driving the metronome stimulus.

It was determined that this form of constant extrinsic feedback did not improve
the efficacy of the metronom@/hile it is acknowledged that extrinsic feedback can be
beneficial,is plausible that feedback on every step is detrimental to perfornfance.
limitation of this study was a lack of petsaining affective questionnaires, which may
have been able to addraks question of whether feedback after every step was
distractionary or frustratingiotor control/learning research shows that constant
feedback is not a best practice, so future resesdmctildexplore distributed feedback in
the contexbf thegait syn@ironization taskThe feedback provided was intended to
signal to participants when they fall out of synchrony with the metronome, hopefully
earlier than they would have been able to perceive unadeandwidth form of
feedback may be less distractionary f r ustrating to participan

desired effect.
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APPENDIX A

EYE-TRACKING DATA

Methods

To determine whether they were visually anticipating or reacting to the visual cue,
participants wore ey&acking gogglesApplied Science LaboratorieBedford, MA)
during the synchronization phase of each seqsies Figure 13)rhese goggles recorded
the scene from the perspective of the participant, as well as pupillary fixations and
saccades at a rate 3 Hz. Rate of anticipation was quantified by examinihg five
frames (160ms) preceding the appearance of each footprint for everyt steg.
determined i f the participantbés eye moti on
right. If eye motion trended toward the left prior to the appearance of a left footprint, the
participant was said to have anticipated that footprint.ickattion for the right footprint

was calculated similarly.
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Figurel5. ASL MobileEyeEye TrackingHeadset

Results

Analysis of eye tracking data showed, consistent with the-carsslation data,
a split between reactionary and anticipatory. Durivgrionfeedback condition,
participants anticipated the arrival of the next footfall 49.90 + .004 percent of the time,

and 50.16+.005 percent during the feedback condition.
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