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1 Introduction the ability of the system to accommodate finite perturbations
. . s . (which might occur during a slip or trjp“Local stability” refers
Human gait is typically analyzed by normalizing and averaglngsthe sensitivity of the system to infinitesimal perturbations. The

together data from a number of isolated and independent Stridnatural fluctuations that occur during locomotion reflect precisel

This approach, however, is not well suited to addressing the futnh-ese types of local perturbations I? is presumably the 2ffects gf

damental control task of locomotion: that of maintaining dynamic Ypes o P . X P y S
uch infinitesimal perturbations that measures of gait variability

stability. Focusing on the events that occur during an avera%ge attempting to quantify. The locomotor control system must
stride implicitly assumes that each stride of locomotion is gene plng to q : Y

ated independently of past and future strides and that stride-ﬁgjsussi'lt)rorailﬁggsp:sg;gaﬂzzf 2&:32? V_:_"rt]g"}i:gf nglre:ft tskfgder’easg?\t
stride variations are random. However, stride-to-stride variatioh: y q ) 9 P

in muscle force-time histories in cats are systematically related lidy was 1o demonstrale that the processes responsible for main-

step cycle durationgl]. In continuous human walking, consecy&ning local stability of walking act across multiple consecutive

tive stride times are correlated over a wide range of time sgales strides of gait. It was hypothesized that measures of local dynamic

and kinematic fluctuations are statistically distinguishable fror%tablllty would quantify fundamentally different aspects of loco-

i ; ) . motor control than traditional measures of variability.
linearly correlated Gaussian noif8|. Furthermore, passive dy- . . s e .
namic walking machines can exhibit chaotic behayie], pro- The notion of directly quantifying local stability from experi

ducing nonrepeatina but aloballv stable walking patterns of detem_ental data is not entirely new. Floquet multipliers were used to
9 P 9 9 y gp Zéuantify stride-to-stride local stability in healthy subjects and

minis.tic origin. Thus, a (;omplete description of ]ocomotpr contr ost-polio patient$11,12. However, Floquet theory assumes ex-
;igtg:jesbatn aﬂgg%rfsaiwlg%\?:;ggg g:ehg\cl)vn?rcj:ggkferc?rt:%iéss%ri ctly periodic motion, which is not entirely valid for human walk-
to th n zt % [2,3]. The present study quantified local stability by estimating
0 the next. L — . . maximum finite-time Lyapunov exponents, which are similar to
To understand how stability is maintained during locomotion, quet multipliers, but do not require the assumption of
quantitative measures of dynamic stability are needed. Seveé iodicity '
authors have proposed “|_nd|_c_es of stability” that quantn‘y Varous 14 make a proper estimate of finite-time Lyapunov exponents
aspects OT Io.clomotor vanabﬂnﬁ/a—s]. Indegd, Increases In IO.CO' experimentally, it is necessary to collect time series data for a
motor variability ha\_/e been asso_mated with mcr_eas_ed fall risk rge number of consecutive strides of gait. Motorized treadmills
the elderhy{9] and with degenerative basal ganglia disord@@. .14 pe yseful in this regard because they allow many consecu-
However, Wh.”e varlabl!lty Is often gquated with Stab”.'ty.' there igive strides to be sampled using existing gait analysis technolo-
little foundation for this assumption. Standard deviations onl i However, the validity of comparing treadmill and over-
quantify the average dlﬁgrencgs between strides, independen und Iocomo’tion has been an issue of debate for many years.
the_tempora_ll order in which strides occur. Such measures cont {dadmill locomotion has been associated with shorter stride
no information about how the locomotor control system respon gths, increased cadendd$, 14}, and changes in walking kine-

to perturbations either within or across strides. This suggests ”Fr?:;tics [15] and ground reaction forceéd6]. However, several
more precise definitions of dynamic stability are requirgf : ’

oy ) ... studies have reported minimal or no differences between the two
In the present context, “stability” is defined as the sensitivit P

- . . L Yasks for similar variablegl3-15. There are no theoretical me-
of a dynamic system to perturbations. “Global stability” refers tQhanical differences between walking on an ideal treadfinél,

_ S o rigid surface and constant belt speethd walking overground
Contributed by the Bioengineering Division for publication in tl@URNAL OF [17] Experimentally however. intrastride variations in instanta-
BIOMECHANICAL ENGINEERING. Manuscript received by the Bioengineering Divi- ) ’ ’

sion September 30, 1999; revised manuscript received October 16, 2000. Asso&b@@us.treadmill belt speed can alter locomotor kinem@jeﬁ-g]-
Editor: M. G. Prandy. More importantly for the present context, several studies have
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suggested that treadmills may artificially reduce the natural varitum knee extension just prior to heel strike. Average walking
ability of locomotor pattern$20,15,21. It was therefore hypoth- speeds and stride lengths were calculated by dividing the total
esized that, compared to overground walking, walking on a mdistance walked by ten minutes and by the total number of strides,
torized treadmill would reduce stride-to-stride variability andespectively. Average stride times and standard deviations of
would also reduce the sensitivity of the locomotor system to locstride times were calculated from the individual stride times ex-

perturbations, thereby stabilizing locomotor kinematics. tracted from the continuous time series data. These data were
analyzed using a two-fact@Bubjectk Condition balanced analy-
2  Methods sis of variancd ANOVA) for randomized block design.

For each time series, thirty consecutive strides of data were

2.1 Experimental Procedures. Ten healthy subjects5 extracted from each of the 1st, 5th, and 10th minutes of each
males and 5 females; mean ag&7.10+3.25 yr; height=1.71 trial. Data for each stride were time-normalized to 100 samples
+0.09 m; and weight64.85-12.47 kg gave informed consent (100 percent The re-sampled data were pooled across strides
before participating. Each subject underwent a screening exan compute stride-to-stride standard deviationSD(i) V i
(health history, height, weight, blood pressure, and lower extrera-{1 percent. . .,100 percerf). Mean (MeanSD=(SD(i)),
ity passive ranges of motiorio rule out any history of medica- where (-) denotes the average across &ll and maximum
tions, ilinesses, surgeries, or other injuries that may have affectgdaxSD=max}SD(i)]) standard deviations were computed for
their gait. each time series for each subject. Data for each variable were

A self-contained programmable “Datal.ogger” collected kineanalyzed using a three-facté®ubjectk Conditionx Observatioi
matic data during continuous walking. The DataLogger was basedlanced ANOVA for randomized block design.
on Tattletale Model 8 hardwar@®@nset Computer, Inc., Pocasset, . ) . . .
MA), which incorporated a microprocessor and 8-channel 12-bit2-3 Quantifying Local Dynamic Stability. Nonlinear time
A/D converter, interfaced to a 15 Mb Flash RAM card. The Data€€s methods ql_Jantn‘led Ioca_l dynamic stab_lllty based on state
Logger was attached to a lightweight2.5 kg harness that did SPace representations of each time _se{BésA valid state space is
not interfere with normal walkingFig. 1). Strain gage electrogo- @Y Vector space containing a sufficient number of independent
niometers(Penny & Giles, Inc., Santa Monica, GAneasured co_ordl_natgs to define the state of the system unequivocally at any
sagittal plane motions of the hip, knee, and ankle joints of tHPint in time. An appropriate state space can be reconstructed
right leg. A tri-axial accelerometer constructed from three un{f0M @ single time series using the original data and its time-
axial accelerometeristler Instrument Corp., Amherst, N¥vas delayed copie$22,23:
mounted at the base of the sternum to measure three-dimensional x t)=[x(t),x(t+T),x(t+2T), ... x(t+(de—1)T)] (1)
movements of the upper body. ) ) . .

Subjects wore standardized walking shoes and completed a téfere X¢) is thede-dimensional state vectox(t) are the origi-
minute acclimatization period on the treadmill at their selff@l data,Tis the time delay, andg is the embedding dimension
selected speed before being outfitted with the DataLogger inst(igs- 4A) and 2B)). Time delays were calculated from the first
mentation. OvergroundOG) walking trials were performed first. Minimum of the Average Mutual InformatiotAMI) function
Each subject walked around an approximately 7 m wide and 26841, which evaluates the amount of informatiGn bits) shared
m long level indoor walking track at his/her own self-selected
walking speed and was instructed “to walk in as consistent a
manner as possible.” The total distance walked was measur A
with a rolling measuring wheel to calculate each subject’s averac
walking speed. Subjects rested five minutes before walking on tt
treadmill (TM) at their average overground speed. Data were co
lected for 10 continuous minutes at 66.67 Hz under botl
conditions.

i)

2.2 Quantifying Variability. Start and end times for each
stride were defined as that point in time corresponding to max

5 o ' ~
Time (1) (#+2T) Local Region
Tri-axial Datal.ogger C eI | Y

Accelerometer  Backpack o 2 .
! A |Slope = '
S| b lopes
"? ] i' ]
= i o
¥ i i

Initial “local perturbation” | 4 10
between neighboring trajectories Time (# of strides)

Fig. 2 Schematic representation of local stability analysis. (A)

original time series data, x(t); (B) data embedded in a global
3-dimensional state space, X (t)=[x(t),x(t+ T),x(t+2T)], with
a local region outlined; (C) close-up view of the local region
outlined in  (B) showing divergence of neighboring trajectories
resulting from local perturbations to the system; (D) average
logarithmic divergence of neighboring trajectories, indicating

the calculation of the short-term (N%p and long-term  (A[7)
finite-time Lyapunov exponents as the slopes of these curves

in the ranges between 0 and 1 stride and between 4 and 10
Fig. 1 Set-up of DataLogger data collection instrumentation strides, respectively.

Electrogoniometers
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between two data sets over a range of time defapalogous to a 3 Results

nonlinear autocorrelation functidanChoosing the first minimum ) o )

of the AMI provides adjacent delay coordinates with a minimum 3.1 Overall Gait Characteristics. Average walking speeds

of shared information. were not significantly different between the two conditions (
Embedding dimensions were computed from a Global False0-202). There were trends toward decreased average stride

Nearest Neighbor§GFNN) analysis[25], which compares the length (p0=0.065) and average stride tim@<0.092) for TM

distances between neighboring trajectories in the reconstruci@lking compared to OG walkingFig. 3), consistent with previ-

state space at successively higher dimensions. Overlapping trajiés report$13,14. Standard deviations for individual stride times

tories in dimensiond; that are distinguished i, ; constitute Were significantly reduced during TM walking compared to OG

“false neighbors” ind; . As the state space is expanded., asi walking (p=0.016; Fig. 3.

it?crease)s de :13 chosen vr\]/here thedtotal per(f:fentage of fta)lse rfleigh-3.2 Stride-to-Stride Kinematic Variability. MeanSD and
ors approaches zero, thus providing a sufficient number o CORfaxsSD val f lerati I
dinates to define the system state at all points in time. In theaxS values for upper body accelerations were generally
present study, GFNN analysis indicated an appropriate embedding
dimension ofdg=5 for all time serieg3].

Local perturbations to the system result in small displacements Stride Length  Stride Time SD(Stride Time)

that appear as neighboring trajectories in state sfiice 2(C)). 1.75F 11.2F 0.032
Lyapunov exponents quantify the average exponential rate of di- E"""E
vergence of these initially neighboring trajectories, and thus pro-
vide a direct measure of local dynamic stabil{t®6,27. The 1.65] 4\‘ 0.027
maximum Lyapunov exponeni ) can be defined using: G 1.1 l-....____*
155} £l 0.022
d(t)=DeM' 2 Dyl %
whered(t) is the mean Euclidean distance between neighboringl .45 0.017 3
trajectories in state space at timend D is the initial average 1.0 5
separation between neighboring trajectories. TRyss defined in - A
the dual limit ast—o andD—0 in Eq. (2). 1.35 0.012 ~A
However, because experimental time series are finite in length
true Lyapunov exponents cannot be computed reliably. Therefore] 25L.. 1 089 1 0.007 L. ;
a previously published algorithiti26]; Totts Gap Medical Insti- oG ™ oG ™ oG ™
tute, Bangor, PAprovided estimates of the maximufinite-time p = 0.065 p = 0.092 p=0.016

Lyapunov exponentg\*) for each embedded time seri¢3].
Following from Eq.(2) and taking the log of both sides} was

defined from: Fig. 3 Average stride lengths (m), average stride times (s),

and standard deviations of stride times (s) between OG and TM
) . walking. Each line represents average results for one subject.
In[d;(i)]~N\*(iAt)+In[Dj] (3) ANOVA p-values for Condition effects are shown below each
graph.
whered;(i) was the Euclidean distance between jtie pair of
nearest neighbors aftérdiscrete time step§.e., iAt seconds

Euclidean distances between neighboring trajectories in stat Hip Knee Ankle
space were calculated as a function of time and averaged over ¢ 1.8 2.2 1.8
original pairs of nearest neighbors. Th& were estimated from @
the slopes of linear fits to curves defined by: 215 1.9]. 1.5
o _ a1z 1.6 1.2
y(i)= = (In[d;(i)1) 4 £
At 309 1.3 0.9 &
= E:ﬂ 'q
where(-) denotes the average over all value$ @Fig. 2(D); [26]). 0.6 1.0 0.6

Since each subject exhibited a different average stride time, th
time axes of these curves were rescaled by multiplying by the OG ™ 0G ™ 0G ™
average stride frequency for each subject. Estimates*ofvere p=0.110 p=0.058 p = 0.007
calculated over two different time scales. Short-term exponent:

(\%;) were computed between 0 and 1 stride and long-term expa 3.2 4.9 4.2
nents § ;) were computed between 4 and 10 strigieig. 2(D)). =
Because this algorithm was shown to be robust for small data se‘-g 25 3.9 3.2
[26], each ten-minute time series was first divided into five two-="

minute intervals to compute both within- and between-subjecﬁ %‘ +’"\ﬁl
g g 2.9 E g 2.2

variances in the* estimates. A three-factdSubject Condition - 15
XInterval) balanced ANOVA for randomized block design was =
used to evaluate differences i for each time series.

0.5 1.9 1.2

2.4 Variability Versus Local Dynamic Stability. Single ole] ™ 06 ™ 06 ™
averaged values of each measure of variabilMeanSD and p = 0.083 p = 0.044 p =0.000
MaxSD) and local dynamic stability & and\ ;) were computed
for each subject. For each of the s_lx_tlme series examined, Pear]g%p4 Mean and maximum joint angle standard deviations for
product moment correlation coefficients’ were computed be- oG and TM walking. Each line represents average results for
tween each variability and local dynamic stability measure to dene subject. ANOVA p-values for Condition effects are shown
termine if these measures were linearly related. for each comparison.
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Fig. 5 Representative plots of the average logarithmic diver- .11
gence, (In[d{(N]), as a function of normalized time for a typical
subject for both OG and TM walking for all six sets of time « .09
series data. Within each subplot, five curves are drawn for each }“LT
condition; one for each of the five two-minute intervals of data 0.07
analyzed. Short-term (M%&) and long-term (A[;) finite-time
Lyapunov exponents were computed from each curve as de- 0.05 \‘F
scribed in Fig. 2. Similar results were obtained for all subjects. 0.0a 0.05 ! gl
0G ™ 0G T oG ™
p = 0.011 p = 0.036 p = 0.039

greater for OG walking than for TM walking. However, this trend

was only statistically significant for MeanSD of anterior—posteriarig. 6 Short-term  (A%;) and long-term (A%;) finite-time
accelerationgA,p; p=0.010. For lower extremity kinematics Lyapunov exponents ({In[d,()])/Stride) for (A) upper body ac-
(Fig. 4), standard deviations were greater for OG walking than f@elerations and (B) lower extremity kinematics. Each line rep-
TM walking for nearly all subjects and three of these comparisofigsents average results for one subject. ANOVA  p-values for
were statistically significant. Additionally, these differences sydlifferences between OG and TM walking are shown below each
tematically became more significant from the proximal to thE°MmParson.

more distal jointghip versus knee versus ankl&@hus, TM walk-

ing significantly reduced kinematic variability, predominantly at ] ) )
the distal lower extremity. computed. These results confirm that measures of stride-to-stride

) = ) variability are poor indicators of local dynamic stability.
3.3 Local Dynamic Stability. Local perturbations, on aver-

age, produced continued divergence of neighboring trajectorigs Discussion
for more than ten stride@Fig. 5. Furthermore, this divergence - ) )

was consistently attenuated during TM walking, a trend that was Traditional approaches to gait analysis have generally assumed
confirmed by statistical analysis. TM walking resulted in statistthat locomotor control can be described in terms of the events that
cally significant reductions for most%; and A¥; exponents for occyr_durlng a s_.lngle stride. Gait stability is described in terms of
both upper body accelerations and lower extremity kinematictatistical variations between independently sampled strides. The

(Fig. 6. Thus, TM walking led to more locally stable movement@UrPoses of the present study were to demonstrate that the pro-
of both the lower extremity and upper body. cesses involved in controlling locomotor stability act over mul-

tiple consecutive strides of gait, to determine if measures of vari-
ability reliably quantify local dynamic stability, and to determine
3.4 Correlations Between Variability and Local Dynamic  whether walking on a motorized treadmill significantly alters
Stability. Correlation coefficientsr€) between variability and these processes.
local dynamic stability measure@able 1 were mostly weak  Figure 5 demonstrates that, on average, local perturbations con-
(r?<31percent), many of them were negative, and statisticalfinued to affect kinematic trajectories at least 10 strides after the
significant results were obtained for only 4 of the 24 correlationitial perturbation. Had these effects been confined to a single
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Table 1 Correlation coefficients  (r?) between measures of  stability compared to OG walking. These results confirm previous

variability (MeanSD and MaxSD) and local dynamic stability findings of reduced variability during treadmill locomotion

(A5 and Af5) for each of the six time series examined. Values [20,13,2], and suggest that treadmills should not be used to study
marked with a () indicate statistically significant ~ (p<<0.05)  Jocomotion in certain circumstances. For example, differences in
correlations. kinematic variability between patients with diabetic neuropathy

and matched controls were not significant when subjects walked

. 2
Upper Body Correlations (r') on a motorized treadmi[21]. However, these differences became

MeanSD - A,p MaxSD - Aup significant when a similar cohort of subjects walked over level
N ground[28]. Thus, motorized treadmills may produce misleading
A st - Aap 0.0004 0.0029 or erroneous results, especially in situations where changes in

neuromuscular control are likely to result in changes in the vari-

ALt - Aap 0.1318 0.1998 * ability and/or stability of locomotion. Examples of similar situa-
MeanSD - Ayr MaxSD - Ayr tions WOl_JId in(_:lude the elderly9] and patients with degenerative
neurological disorderflQ], among others.
x*ST - Avt -0.0392 ~-0.1989 * This study has demonstrated that motorized treadmills can sig-
. nificantly affect the variability and local stability of gait. How-
Arir- Avr 0.0365 0.0104 ever, the underlying causes of these differences remain less clear.
On one hand, the motorized treadmill imposed a constant nominal
MeanSD - An, MaxSD - Ay speed on the subjects and constrained them to walk along a much
* ) narrower and straighter path than during OG trials. On the other
Ast- AmL 0.0022 0.0213 hand, other differences between the two walking conditions may
}\v*LT - A 0.1656 0.1030 also have contributed to the present findings. If the turns made by
subjects during OG trials were sufficiently abrupt, these might
Lower Extremity Correlations (rz) have led to increased variability in the OG trials. However, these
- - turns would also have produced consistent nonstationarities in the
MeanSD - Hip MaxSD - Hip data and further analyses revealed no evidence of such nonstation-
Nsr- Hip 0.1043 0.0225 arities[3]. The differences found were likely due at least in part to
intrastride fluctuations in treadmill belt spegtB,19, since any
Air- Hip - 0.2362 * -0.0724 attenuation of force occurring at heel strike would have dampened

variations. Unfortunately, it was not possible to measure instanta-
MeanSD - Knee ~ MaxSD - Knee neous belt speed in the present study, and Savelberg[@é®adlid
X ' not discuss the effects of belt speed variations on gait variability.
A st - Knee -0.0020 0.0061 Similarly, locomotion patterns may have been affected by differ-
* . ; ences in mechanical compliance between the walking surfaces of
A LT - Knee 0.0123 0.0016 the treadmill and the indoor track. It has also been hypothesized
MeanSD - Ankle MaxSD - Ankle that locomotor control during treadmill walking may be signifi-
cantly affected by changes in visual and vestibular perceptual in-

>\-*ST - Ankle 0.1552 0.3080 * formation[17,14]. Regardless of whether the differences between
. OG and TM walking resulted from modifications in neuromuscu-
AT - Ankle - 0.0004 0.0552 lar control, changes in mechanical constraints, or both, it is clear

that treadmills can alter the variability and local stability proper-
ties of locomotion and potentially lead to misleading conclusions.

. . . 5 Conclusions
stride, these divergence curves would have satur@ed leveled

off) after one stride. Traditional measures of variability, which This study quantified the relationship between local dynamic
only provide estimates of the average magnitude of variatiogability and variability of locomotor kinematics during over-
across strides, are therefore insufficient to characterize the log&pund and treadmill walking. Results demonstrated that local sta-
dynamic stability properties of locomotor behavior. This finding i®ility of gait kinematics is achieved over multiple consecutive
supported by the general lack of correlation between the stand&ftides of gait. Furthermore, the" exponents computed in this
deviations and\* exponents examined in this stu@able 7. In  study quantified fundamentally different aspects of locomotor be-
fact, while there were no differences in upper body variabilitffavior than traditional measures of variability. It is proposed that
between OG and TM walking, highly significant differences wergecause these measures specifically quantify the sensitivity of the
obtained for thex %, exponents of upper body acceleratidfi. Iocomoto_r system to local perturbations, they are more rele\_/z_int
6). This notion that variability cannot adequately quantify stabilitf°" €xamining the neuromuscular control of balance and stability
was further substantiated by the results of a companion studydHring locomotion. Results further demonstrated that TM walking
which patients with diabetic neuropathy simultaneously exhibitetfeS associated with significant reductions in locomotor variabil-
increased variability28], but decreasen; exponent$29] com- ity, primarily at the distal lower extremity, and with significant
pared to matched controls. Thus, measurements of stride-to-strjir(]i]g.rovements in local dy_namlc stab_|I|ty. Itis concluded that, es-
variability and local dynamic stability quantify fundamentally dif_peually in cases where differences in locomotor control may pro-

ferent aspects of locomotor behavior. Furthermore, the behavﬁcw}"}ce changes in the vaniability and/or local stability of locomo-

of the locomotor system must be examined across multiple co pn. S‘.UCh dlfferen_ces may be masked by having subjects walk on
secutive strides to characterize locomotor stability properly. motorized treadmills.
If proper assessment of local stability requires the examination

of continuous locomotion, then it becomes equally important t
know if having subjects walk on a motorized treadmill signifi- cknowledgments

cantly alters their local stability. In the present study, TM walking This research was partially supported by a grant from the
was associated with small, but in some cases statistically signiBraduate Student Grant-in-Aid program of the American Society
cant, reductions in variability and improvements in local dynamiof Biomechanics.
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