CHEETZ2LEh T3 4, BB hL—=
FIAT VRS, FROBHR BT
REOKRBEBLT, BHEY X7 RERTE
HIEBRMBATVD 5-8), K% IIPED
EHE R E Tic 17 iERiicEREh
b DT, Wo< V& Lkl — X
A B S EE TH B 10-12), (o E
B b L— = 7 R ) O L ERET I
CHERATHDZERBMEIN TS 18, 14),
L LJh & O 12 38\ C A M 1338 3 [
FoOBWEREE N SRHIT b B AR
W, EHIRR—ABPEHERNAEIToTND
16-23), M AHIMORHLIC X 2 EBEMN =
A b OB, BHTE OBEZEA T
HARBLEHIEHEICL > TRLTLLE
ADOPFHTHERY., T2 THRLITIKIBE
OEEREREEGH, BRRAS S EHM T
BRI EPRBHBTE BEB 0S5 LD
BEETOC L L LT,

LI AT, BRETIREGREOE
MERERATHD 24, KIBRIIBR2BEO
T HERHRS OFAITHBETE R, 22T
RS U AN S FET B HG ORI 2B
UTC, KBEZRFPERNFO—D>EED AR
BHETHDII VT~ BROBEFE PL—=V
FIMABI L E Lk 26), by 7 —ikHhiL
o, B, Ox PR EOBEREENRD
2T, BiEICEATEY 25), RETI
EVEOREORECFFEN TS 25),
A7 —FBRERIZIE, —EDONRT U RESH

£ FREEBE KRB I O TR 45

38

Thb, £ITTES T AOBICIEKIES %
BEL, R rr—fBrEHETI L
Llic,
AFRTIIU LD LS hERICES
WTERL 8 RARBEIZEREICH LT 6
RV V7B EHAEDE L EREICLE
ARTLEREES T 0 /T L0HE 2K
BET B b, HITHIM. HHRL N L—=
VI NRGUR M= S ERBR S DY
PERBERETFEF L —= S OB R 5 &
fEXBIf o BB % S0 LT,
B. Mg
1 ABEOBE. RABER VT V& LG
y)
| 2005 £6 Hiz, &
BREMEBTERTRE r SHREED 71 8
D 89 RE TD 2002 4 26), 2004 EHE
2T DEE T ESHE O S ME 1914 (2002
1 684 ; 2004 4 : 123 &)oL T, KB
B2 AN BERTHESSE~0SME
EEICTEM L 1124 ([EINER 58.6%) A
LRHASEM~DEE % 57 EE#HE O HEAT
BRALRMRELHTIC T EMERL., KB
BERYANES T 2 7S A0 BH. AR,
WML MBREONMEEL, BIEAEH
EIFD)LROVWCRBLZER L, TOR
R, BHAKBMED > B 80 45 b EBi#eE
DEMEMRICETIRAELZ B, SEOHF
RTIHBESEMOEBHHESNE L% L



Licied, BABBRBIIBREL o),
NEEEEMH, I L BRI SE
3% AT AR 4) b R (39 4)ic
ST,
2B B T A

EE AHIEIL 2006429 A
25 11 AETO 3 »r AL Uiz, T AR,
HBEL LR LSE T2 ISP, # 1
. 1E% 7 70 M OEE TR 75 b xR
12 EEME L, EBARIEY +— 3077 v
Z(A Ry FEFLETSbD)20 K. &
B w5 A ARE: KAE% LT —
e KRB €50 FICEB ETHROBS
ABE & FRIZE DR BT 2/, 7
—AEY Ry FRERLLETEH D)0
HEE Lk, UA—IV T v FHTICS —
WY TR R T EE L,

KIEET R 75 AOEEL,
R AT AR 10 £ B _E O BEERASRY Uie,
ERAERBEETH 7075 Mk ERE S
XIS LI RS £ 21 e MR
PR AN LT,

AEE, HREVWTHhb 20
MO EEBE 10 5B OKEEFA T
i LTe, AR 8 RAME% GEEHIC 8

DODEEE L DKIEE) HHAWIEI YT —k

CREEE L, BLCAARES TS5 A
DHZTTZRT, £, BNO 2 » AR 8
AKBLEEZHERL, 2o 6eRDOI 7 —1&
BEEALE, REROERNEN T 0 S

LIEHETRD 20 FIcET NNV Ficdk B LT
DEFHIEZATV, BED 20 HiTik, FH
LEDELEFBRBITAIIE EE L 26),
3. PR |

BB 7 0/ T ABRIGET O 2005 4 6
RCHBEIZH LEHREEERE L, §h
HETREBY RI7DRS ) —=v T Y=
T % Timed up & go test (TUGT) 28), #
AN DR TH D 6 HMPTT 2
29) |
Functional Reach(F-FR)30)% Uik % 5¥
T 2 REEMBT A M &1To 7,

- TUGT 3@ % 0 & THH
BECZRF»OELBENRY SmATHFDEEKR
Mo THTL, BEMLBTHRBHRE, &
U3m BITLTH & DRTICEES —HOBE
2fToE, TORMEFHRLL, 2 BEHE#
FHEEZRAWE, RRBEHETRALNESE
BEERBLTBED, HLTASBENR
WZ k., EROETFICHE I BE CERBET 3
L EER L, ,

6 HEFHITTIE, AR 40m O—iB
10m AEOTA v Ex 6 OB TE 57
IHES LB RLE, B0 TRAEM L,

NT VAT ADMTH D Forward

%

{TREEE (B/NBAAT 10m. 10m DL FEIY £7)

39

RO,

F-FR i3BAMISIALI T L% 805 90
BE LA CHALS, RESEEC TH LKL %
EEO¥ ERKRBAT RS E, FHOM
HOBBERE (RYERE) &ALk, 2



[l S ff L SEHE & AV e

B R B G RTR B (17 S0
BIEHRSHE HB) EAVT2EREL,
SERIE A R T2,

SEBY B0 1 % E o B s
B L A RELER L., AARIROE
Biu s AD5HRE Lk,
4. HERT

RN R E TN ARIB O

EOKEAREREBTE b0 (Fr AR,
N=31; »tf&#, N=37)& L7, £k, AR
B OFAMITB I LT b PR > 2 VER T
HETERPoHBIZOWTIEREBELE L
TRYBotc, FAROHETN AR L %
BBEOREROERDE L EBHOMN ANE O
HBIizE b0 L Ui, BHEEKER . FR,
TUGT. 6 5T, 5 EEMHm) o B o
I bR, T Y B B o B R

BT 42 BRER T o0, EEEEOMNAN

BOBHAOEMITIIREREI X 25805
TIT - 7c, £ TOHMEMEITICIE, Statistical
Analysis System(SAS) Version 9.1 (SAS
Institute Inc, Cary, NC, USA) % F\ T,
p<0.05 % MEFH 2B EAEL L,
C. R
1. HBEREDOHN

A NBIOE T BIE % =T iz
80 A& ARE: (41 4) ; XHHRH# ( 39 4)
< BRI 0 K e, EEAAE MR LT
D DREFIIMARER 10 4, BT 2

&, FOBEE, AABICBOTAR 2 4.
B34, KU1 24, %7k HRECIRS 2
AHThole (1), TOD., AABEHR
EOBME T/ AR TIE 31 & CHEHTIE
3T% L Mote, BEBREE~DOEHBMEEKIL
S AB L HERTZAEN 9.1, 10.1ET
Hoie,
2. TAFICRBIT HHBRE OB L ESHOR
e

2 1A AN O ARE & %t
FRRE & OO A HERE TN 1) B RE DS B 2 R T
&8, 151, BML, TUGT. F-FR. 6 5%
7. BEEIECTR L, AR X8R L

OB EREIBO ORI @ OFE:

40

0.19-0.87), LT, T ABOEBAHAEEF
BINE R L BB TH, mMIN—T
MTXABERRONR P72 (P OHH:
0.19-0.92), |
3. MARL RHBHOERDED KB
AR BHEITIIAAG LR
AEFH OEHRE DS ME N AR, N=31;
xtHREE, N=37)& & T, & 3 IXWBM O ARG
BOLALEOLBER LTS, MHOMT
EAREEOEMNTH S EE TR
T2 (P O#iFA: 0.47-0.96),
4. FHETIRAARZROFESIEL
£ 4, 5 ICEBEOEIEE
DR ABHBEALBERT, S ABRON AR
#®o TUGT oFHEHRERZI T TH
10.842.9 & 9.9:1.8(8)Ch 7z, HEHONH



ABIH% O TUGT O FHEE HER 213 2 h 2
 10.042.4 & 9.1£1.9@)Th o7, WPh
bAARBR CHRHABEEESIRD LT
(P<0.05), M ABETIX 18 4 @ TUGT 2ikE
L. 12&1E o7, }BHTIZ 2840
TUGT 78 L, 14 41558 < 2o %GR
=0.03, P=0.86), ST ARIO ®IEEMY 2 7 &
(TUGT>=15 #)28)1% A ABET 24, A RE
T 1AWER, FARICMAL S TUGT 28 15
BRMITRole, —FH. B, SBEE D
F-FR. 6 HMHITR OREHAES L OF %
MZIEWTFR LR AEREIRbh o
72 (P>0.16),
D. B
AMETIIRBEICH > 7 —FBH
ANTHFLWVEB S0 S A2 ERL, GE
Y27 WCHEETHEACHTIHREBRIEL
o TOMER 3 » AW, § 12 BOH L\
BIFEBERHNAC L Y EBREACEEYS 35
RN BHE L, HLVWABET 075 A
KEDHWEHRITT TITHEDENA L 1T
STV BEREERTE F L —= 7 OHE
LHEEBEERRI o,
SEOKRBEEZRY Al
BB 0SS ADORATIIHTREDONT
AHEETHD TUGT OFBLHENED
i, TUGT X8RV R 7 25+ 51 5 72
VoAb LTS, TORYMELRIES
hTws 28), TUGT DRRER 16 BLLETH
D LRERY A7 OHBRTFRRFTHS

e mbhTW? 28), LB oT
TUGT15 DU LZRER Y R D0h v b A
TRAVIETHILNRTES, ox OWFE
TN AR 34 M ABE: 24; R 14)
OEHE RBEE Y 2 2 F(TUGT>15 )T
bHole BN ABITITWTH b TUGT 28 15 #
R E THF SN, AFEITEEMME L
ﬁ<%%@ﬁ@9za®%m%ﬁé;er
X723, TUGT OMEIZEE U 2 7 OER
EORNBDAEERD B,

KAE% DB ) X7 & EW
T RIS D W TR T SRATAF I TH
WEINTW3B 13), TOEIIWFIC OV TIZ
B BT BB, KIE%ILE OB E 14
MY T—EOBE 2B L CHESh 3 hER
%, £HN~OELBE, LM TOEELS,
WODPRGHER, o< D Thro2kELAR
WERRER 28, 2FNICR L HOBE %
EBETEPoL VL LEBLBEE SE5
BETHD, BEOHEIZ T o AMERICH
LTEETH D 31-33)0, KIBZILRE DK
RORBILESHTHS 34, 85), $7, (EBIG
LRHIBOT VAT A BB O TR L
EBEEORRICES L EXbRTND 36)
A, KA LR B O R & RS O A RO
BB L EMBONS 22 %HEBESE 37,

CBRABBEIRRANKRHEERS DL

41

bbb TWS 38), ZDX 5 g EAKIE
BIIHF I, SEA BN TUGT REBRD
HEBZRZINDDA W= BB TVBED



b LR,

IRETRITbhe KBz
DI R ZREE L 7o AR AR, B8
BUAADHRIC OV THA OWR L sy
B, —HREFZEIE 70 MU EOEERE 23t
2 LT 10 B 13 24 RAME 1T X 2 IG5
E~OPROEERHVA T RAR
RCT)TH 3 16, 18, 23), Zh bOHFETIX
ETHAABIZBVWTEHERRBREDOEIBR LN
TS, 2 LA AESIT 80712 B ThH - 72,
%@ﬁo@ﬂ%ﬂ%%%%%%&br1zm‘
108 KOKBEIZL DB NUB~OHEEH
%waéoznamﬁ%f%wﬁwﬁﬁw
FEREBVLRORTVWAR, MAEKZ
32-220.8 HTH - 15, 17, 20, 21), bivb
NOBE T BT ERRD Lz 1B 28
LHMBE N DERR TRV RWVWR, &
BlU %7 QBRI 25D TEED D 5
TUGT DR AHELTHY . bhbhOE
87075 AORADEER 12 HE ko
FATHROEDZUT THIICbELLTHE
BhoteZ LEFBRLTVS, A%RiBEE
BRLTh& 2,

—H AP ERRRICE & %
MBI L KBEO 2 S TL T U AR EE
BEICKIBE DR — X &85 Lz 6,10 3 (&
—R) KBEIZL2EN L BERE~ORE
BT 5 oD 19, 22) TRA ARSI
80 BIILTHDZE b THEEREAR
BEOBRBIROMRM o7, Fx OB

MEREREOBE T R L —=

42

By AbREBICR-XDKE R L 8
HAMEICRBE D 4 BIZEE L 6 Kb T
—HEBEMEZ TG, FICERE XY TN
BER 12 HE, PRI THHRERALRT
VB, BIEDEH VL, HEEOERE
EARE D BT B T L T ERVA,
A7 —EBY AR EIREY, EHET
—~EOHREBONETEE b oL EL
TW5, bbAABEEOEEBER &M
% e IS BESR OO A (T AB B 72 BV 2R 3
B0 E I PIZONTIEE B2 DM ATFREN S
BEChB, |

AWEIC BN THBROS
NP A
Uiz, BEREL R L—=0 748 b0 AR L AR
i TUGT 08 M3 & 0 e B R Ak
RERB R o T, RERERE T b L—=
YR T N R D ETROS 9L
FEO) XA EDEHITIRS bR S
NTRY, B SVFRHFEMLELL, &
INE OB &I S ¥ 5 IR ORE Y
E45, i LTRBEEHRY Ahkis
BFH L=V RO R M L EDT
i<, BEEZFAAL, WoTH, ¥IThH, —
EBBTNIE-ATHERIZTE 2887 0
75 hThD, fEoT, KEEZEY ARk
BREITEH b L — = JI R o #5885 9
BIZH LT AL U 20BN 0 /5 A0
WERERD B, 4% TOREHRIZSOVTR
FLTVERZY,

—
—



—F BEEREHD LR
QALY BAABEOQ £H)DIZIBEL,
KBLEB S0 /550D a L TF54T AR
PESET BB 7 1 7 5 AN R 13 72\ A B 28
BB, KEEDOK—XOBEIC DL
BAZER D B0, BENEOE ST BNE
WBMEOBRNET T 5 THREN S B,

BLFEOIRIZLIVEBCTEORBEDH B &
B2 b, ¥SAE k OBTRIC R &
DRHREZLELTHBE. KEERFS =
LREEETH D, BWEE R LT 5
BHEEEET BLERD B, VTN bEK
RIS BETH B,

#£1. KEEEZHRY ANES T w75 20K

5 4-6 »IEI

% 1-3 = % 7-8 [E] 5 9-12 [@
K% 1-4 X KB 5-8 X K% 1-8 X KiE%E 8 R+ v 7
—f#k 6 X
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s A ks P i
FEEch) 77.4%+4.0 77.2%3.9 £(78)=0.21; p=0.84
B (Z 5 %) 68.3 56.4 % 2(1)=1.20;p=0.27
BMI(kg/m?) 238.7+3.8 24.7+3.5 t(78)=-1.16; p=0.25
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BMI=body mass index; TUGT=timed up and go; FR=functional reach. V

B BROE=FHFEREREE,; *: n=38; **: n=40.
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TUGT=timed up and go; F;FR=forward-functional reach.
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TUGT=timed up and go; F-FR=forward-functional reach.
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Table 1: Basic gait parameters

Gait Parameters _ __Before Fatigue After Fatigue _p-value_
| Cadence (steps/min) 112D 116(8) 0.0003
’ Speed (m/s) 1.06(0.19) 1.06(0.16) . ns
Step Length (m) . 0.57(0.13) 0.55(0.11) 0.059
Table 2: RMS values of Acceleration in Lateral, Vertical and Ant/post
Accelerations (&) Before Fatigue After Fatigue p-value
RMS (Lateral) 0:15(0.03) - 0:17(0.03) 0.002
RMS (vertical) 0.248(0.05) 0.265(0.05) ns
RMS (ant/post) 0.224(0.04) 0:231(0.05) fs
Table 3: Amplitude Variability in Lateral, Vertical and Ant/post diréctions
Direction _ Before Fatigue After Fatigue p-value
Lateral 0.07(0.01) 0.088(0.025) 0003
Vertical 0.065(0.01) 0.0827(0.02) _0.0007
_ Antpost | 0.058(0.01) 0.0744(0.02) ~0.003
Table 4: Wavélet Entropy
_Divection | _ Before Fatigue After Fatigue . .| p-value
 Lateral  1.503(0.08) 1.502(0.08) | __ns
... Vertical .. 1:2240(0.11) 1:353(0.15) _ _0.003
‘ Ant/post 0.992(0.21) 1.208(0.23) 0.001
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Assessment of Walking Stability of Elderly by Means of
Nonlinear Time-Series Analysis and Simple Accelerometry*

Yasuaki OHTAKI**, Muhammad ARTF**, Akihiro SUZU -y

Kazuki FUJITAY, Hikaru INOOKA™, Ryoichi NAGATOMI' and Ichiro TSUJT!

This study presents an assessment of walking stability in elderly people, focusing on lo-
cal dynamic stability of walking. Its main objectives were to propose a technique to quantify
local dynamic stability using nonlinear time-series analyses and a portable instrument, and to

* investigate their reliability in revealing the efficacy of an exercise training intervention for el-

derly people for improvement of walking stability. The method measured three-dimensional
acceleration of the uppér body, and computation of Lyapunov exponents, thereby directly
quantifying the local stability of the dynémjc system. Straight level walking of young and el-
derly subjects was investigated in the é,_xperixmntal study. We compared Lyapunoy exponents
of young and the elderly subjects, and of groups before and after the exercise intervention,
Experimental results demonstrated that the exercise intervention improved local dynamic sta-
bility of walking. The proposed method was useful in revealing effects and efficacies of the

607

exercise intervention for elderly people.

Key Words: Biomechanics, Human Engineering, Information Processing and Signal Anal-
ysis, Walking Stability, Accelerometer, Nonlinear Time-Series Analysis, Med-

ical Application

1. Introduction

Falls pose a serious hazard to elderly people. 'Hip-
fractures caused by fall accidents account for more than
10% of elderly persons with bed-bound status in Japan.
Furthermore, impaired mobility and fear of falling dimin-
ish a person’s ability to perform activities of daily liv-
ing® @ Aging effects on motor control have been im-
plicated as a key factor in adjusting posture duﬁng walk-
ing. Sensory feedback and muscular strength play impor-
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tant roles in maintaining stability against the presence of
unpredictable external perturbations or intefnal variations
of gait. Although falls result from complex and multi-
factorial problems, falls among elderly persons might re-
late to their difficulty in maintaining walking stability.
In addition, recent randomized controlled trials that have
tested the effectiveness of intervention for elderly people
have indicated that exercise training markedly increases
their aerobic capacity and muscle strength, which might

engender improvement of their postural stability®» @

Nevertheless, no practical technique has been demon-
strated to evaluate their stability improvements in terms
of walking stability.

Traditionally, personal walking ability has been as-
sessed in clinical fields with a main emphasis on quan-
tifying the regional amounts of body sway or statistical
mean deviation of gait variability. It has been reported
that increased variability of gait patterns is related with
an increased risk of falling in elderly persons©»©. Re-
cently, some advanced techniques using nonlinear time se-
ries analyses have been proposed to investigate gait vari-
ability and dynamic stability in continuous walking -1
Dynamic stability represents a resilient ability to main-

Series C, Vol. 48, No. 4, 2005



608

tain certain continuous vibratory motion by accommodat-
ing internal or external perturbations. In other words, dy-
namic stability indicates robustness of periodic gait pat-
terns when subjected to internal or external perturbations.
Moreover, dynamic stability has two aspects: local sta-
bility and global stability. For this study, local stability
is defined as the sensitivity of the dynamical system to
small perturbations or gait variability which produced by
one’s locomotor system itself, whereas the global stabil-
ity is defined as the capacity of the locomotor system to
resist external perturbations such as slips or trips!". Non-
linear time series analyses specifically elucidate temporal
variations in the gait pattern. Dingwell et al. computed
Jargest Lyapunov exponents to quantify the local dynarmic
stability of neuropathic patients'?. Buzzi et al. a‘ﬁplied
largest Lyapunov exponents in joint kinematics between
elderly and young subjects, and reported that elderly sub-
jects showed less dynamic stability than young onest?).

This study was intended to present a practlcal method
to assess dynamic walking stability using a portable and
wearable instrumentation unit, then to present its feasi-
bility in assessing effects of an exercise 1ntervent10n on
walking performance in elderly people. The ‘method em-
ployed a measurement of three-dimensional acceleration
of the body, and computation of largest Lyapunov expo-
nents of the time series acceleration data, whlch dlrectly
assess the local stability of the dynamic system Stralght
walking in self-selected speed was investigated experi-
mentally. First, differences in gait variability and local dy-
namic stability between elderly and young subjects were
mvestlgated Secondly, effects and efficacies of six-month
interventions, including aerobic exercise tralnmg for el-
derly persons, were investigated in an expenmental study
using the proposed method.

2. Experiment

Seven healthy young adults (26.1 % 1.9 yr) and 52 el-
derly persons (76.4 + 4.3 yr) participated in our experi-
ment. Detailed characteristics of the subjects are shown
in Table 1. The elderly subjects were those who partici-
pated in the comprehensive geriatric assessment (The Tsu-
rugaya Study) performed in the suburban district in Sendai
City in 2002-200304-(15) They were selected consider-
ing the following exclusion criteria: moderate to severe
motor impairment or neurological deficit, history of coro-
nary heart disease, joint pain or arthritis, mental or other
conditions, history of fracture of a lower extremity or inju-
rious fall within six months, and presence of cardiovascu-
lar abnormality revealed by exercise training. All subjects
gave signed informed consent.

The intervention was designed for elderly subjects as
a five-month fall-prevention training program conducted
and supervised by medical doctors and physical thera-
pists. The training program was intended to improve both
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Table 1 Results for the continuous twelve steps (six strides)
walking in comparison of a young and elderly subject.
Slgmﬁcant differences (p < 0.05) are marked with as-

'tensks
» Young Elderly
Male/Female  5/2 28/24
Age 26.1(1.9) 76.4 (4.3)
Height [cm] 170.8 (4.5)% 154.8(10.3)*
 Weight [kg} 58.46 (4.07)* 59.25(12.88)*
Step Number - 14.4(1.3)*  18.6(2.2)*
Cadence 109.2(7.9)% 117.4(9.9)%
[step/min]
Walking Speed  1.26 (0.03)*  1.06 (0.15)*
[m/s]
CV Gait Cycle 0.057(0.020) 0.064 (0.053)
- SD Lateral . 0.075(0.024) 0.073(0.028)
SD Vertical 0.067 (0.021) 0.086(0.039)
SD Ant. post.  0.052(0.014) 0.064(0.026)
LyEp Lateral  0.060(0.016) 0.069 (0.029)
LyEp Vertical ~ 0.047 (0.026) 0.064(0.032)

LyEp Ant. post. 0.048(0.027) 0.056 (0.026)

static and dynamic body balance by strengthening mus-
cular groups involved in standing and walking. Subjects
attended two-hour classes once a week. The class training
comprised stretching, balance training, and strength train-
ing including flexible rubber-band exercises.

Funcuonal phy51ca1 capacities were measured in
medical and fitness examinations before and after the in-
tervention. Muscle strength and range of motion (ROM)
of lower extremities are important determinants of the
physical functional capacity of elderly persons. The pas-
sive ranges of knee flexion and ankle dorsiflexion angles
were measured by an experienced physical therapist us-
ing a hand-held goniometer. The muscle strength of the
lower leg extensors and hip abductors were examined us-

ing 2 calibrated dynamometer (Biodex 3; Biodex Medi-
’ cal Systems, New York, USA). The hip abductor muscle
- strength was divided by the bodyweight (BW). The func-

tional reach test of dynamic balance criteria measures the
maximum distance one can reach forward and laterally
while maintaining a fixed base of support('9.

For the walking test, we have developed a portable de-
vice consxsted of IC accelerometers (+2 G, ADXL202E;
Analog Devices Inc., MA, USA) with 16-bit duty cycle
converter, Li-Ton batteries, microprocessor units, and a
compact flash card. This equipment is sufficiently small
and lightweight (10055 x 18.5mm, 97 g) to be carried
without any restriction. Figure 1 shows that the equip-
ment was attached to the center of the lower back, rep-
resenting the center of gravity of the body using a back
supporter. Three-dimensional acceleration as lateral, ver-
tical and anteroboéten'or directions were measured by the
portable equipment with sampling frequency of 100 Hz.
All subjects wore rubber-soled walking shoes. Subjects
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View of the experimental study. The subject (center)
wore the portable instruments.- Three-dimensional
accelerations during walkmg were measured

Fig. 1

were instructed to walk at their self-selected speed on a
16 m straight track without any restriction. The beginning
and the end of the strait track, separated by 3 m, were con-
sidered as transition phases of walking. Constant walking
phase in the middle 10 m of the track was ap_plied to the
calculation.

3. Analysis

Our nonlinear technique reveals temporal variations
in the gait pattern. This variability was assumed to occur
within the locomotor system, which provides the ability to
accommodate perturbations. Lyapunov exponent estima-
tion was applied to evaluate the local dynamlc stability of
walking. The methods are based on exarining structural
characteristics of a time series that is embedded in an ap-
propriately constructed state space. First, the state space
was properly reconstructed from the obtained acceleration
data for each direction after determining the appropriate
time delay and embedding dimension:

Y0 = (D, x(t+7), -+ x(t+(d = 1)7)). 1
‘Therein, y(t) represents the d dimensional state vector, x(t)
is the original acceleration data, 7 is the time delay, and d
is the embedding dimension. A schematic representation
of the reconstruction process is shown in Fig.2. A valid
state space must include a sufficient number of coordinates
to unequivocally define the state of the attractor trajecto-
ries. Time delay T was determined as a time when the
-autocorrelation coefficient of the data becomes less than
the reciprocal value of the natural log. The embedding
dimension d was determined using the global false near-
est neighbors -algorithm'?. In our case, the embedding
dimension was four, to form a valid state space. Similar
results were found for all directions and all subjects.

Estimation of ‘the largest Lyapunov exponent per-
formed with the method proposed by Kantz'®), The Lya-
punov exponent A4 was defined as the following.

D(Af) = D(0)e™. g @)

The notation D(A:) denotes the dispiacement between
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Fig.2 Reconstruction of an attractor trajectory in the state
space (in case of the embedding dimension d =3)

neighboring trajectories after the At interval. The notation
D(0) is the initial distance between neighboring points.
The Lyapunov exponent A qu'antiﬁes the average exponen-
tial rate of divergence of neighboring trajectories in a re-
constructed state space. That exponent is calculated as the
slope of the average logarithmic divergence of the neigh-
boring trajectories in the state space. A higher value of
the Lyapunov exponent indicates a greater divergence of
the attractor in the state space, that is, less stability of the
dynamic system.

We calculated the exponent from acceleration data of
12 continuous steps (six strides) for steady 10-m walking.
Data were analyzed without filtering to avoid complica-
tions associated with linear filtering effects on nonlinear
signals. Tt was also assumed that the level of méasurement
noise would be consistent for all data.
 We also evaluated traditional variability indexes for
the gait factors. In order to recognize the gait cycle from
time series data, distinct spikes in the vertical acceleration
were detected as a heal strike instance. Subsequently, the
step number, gait cycle (s), and cadence (step/min) were
calculated. Coefficients of variation (CV) were calculated
for gait cycle variation. Furthermore, each stride was nor-
malized to 100 sample -points, then variation of the ac-
celeration waveform pattern in strides was evaluated as a
mean value of the standard deviation (SD) across all data
points (six- strides), as follows. The notation g;, indicates
i-th data point of the n-th stride.

SD = Mean{S (1---100)},

S(i)=S8td{a; 1.n}), N=12. 3)

All above calculations were programmed using MAT-
LAB (The Mathworks, Inc.). ANOVA was used to test
for significant between group differences. All statistical
investigations were processed using SPSS computer soft-
ware (SPSS, Inc.).

4. Result

Figure 3 shows a typical example of acceleration
waveforms measured respectively in the young subject in
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