BAEF @R FAAEMES
[EEREEUBSHREE

BHEEGEEROSITHEERED/ZHD
MRz a—AUNEYTF—2 a3y FEORBEICET AHME

FR1ERE 815 - DiEMRRESE

MERKE KE IEX
FR22 (2010) £ 4 A



H 2/

[. BIEHEERE
FHEGROMTHREREDCD Ol a—a I YT — g U FE
DEFAFEICE T DTSR

RE EX 1
II. sriamfsesms
FHBERESITRERESOLOOMR I Y T— 3 U HFIEOB%
HE AF 3
III. BFRERROTATICET 2 —&ER 5

IV. BFIEREOFITY - IR 8




BAZBRENERME (RERBBIRSFAESE
RIGH e &

HFHBEROBITREREO - DOF - t=a—a YA "Ly F— g
FHiEDBERICET 505

MERERE HKE EEX EIEEEYAEIT—Tarbrd—Fk R

MAEER
AT, BITHEREEOREBINS, HFH/ XY —F4% (central pattern generator: CPG) &
HEICEH L, ZOEBIZRR S5 EHPMFE 2 RET 5, Th2RICHLRERI LY F—
a vV HEOBEEDET,
IR, FRIZBRICKZ i, REZEHSEICRA LRI T CTROBEL fiBh L, EERSREERTS (4
WRBIT L —=0 7 B, HTIANEY T —2a v OFEHRERY D0Oh D, OB, TEOMRE
FHRIROPFRIC & > THHEREZ S0 PREERPTHEOME L2 RO Z EBH LIS, BYIELOHT
MBRIZE T, 172 OB THERBENERE CEX AN R ENTZZ ENRKREFELTNS,
BrE SN RWRAT b L—= 0 T ORERIET D KB HE (L BGEREBR CId, ASTA CB X UDIZ
SHEINAIBFEHALREED I L, 9B ML —= U I LB BITRIODUEBNZD A TVS, LHL—
FTC, EROBTI ANV T —a OB TE, TOHRICHEHNAFRZEIFREOONT, PO XS i
A BRIVE L Y SRR TREREBAERTEX 00, HHVIBEECHKERERSICL - TEORE
FTCOMREEEZ RIAD DO, IOWTLRERHBES B E Y, o, ARBT L —=v 7 08E
ERRAE L7285 O TIL, SMTABR OB TEHESEEONE, EBTOMFEHOKELR L OPERLHEL
T2 HD00, HITHRENE O B R IC OV T, oz EhTunian,
B, 1FECFHBASE ORGFHEBEBEOTENER L. HTEBHAZED 200 B4R
KEREL, TORBICESNT, 2ERICHRTIANEYTF— a0/ n s A5 ERT 5, BIEEREIZIT,
BELZIAEY 70 lT AOFHE - WEEITO L LI, HITIAEYT—a IS K B K5, ADL,
HEEE~OREEBRIZ OV T b AERICRE 5,
AHROFFIT, FHBEEOBBREIOMR - mEE2R5, X3RN FR2HREY A LY T— g
(neurorehabilitation) &2 NERTH ETHRO CHERALBERLZBHLEI VO LEZ NS,

MAESHEERS - PrBHHFEEBL K O'FT B AT Fep e Y7 —varyGiEOREE BT,

(6/30F CENMEEZEANLYF—ar o 2—R
At #E., T/1E0EEKZRFERRS SLires
#iz)

s 7

(B fEEFH VALY TF—ar o 2—k HE)
e &

(BN EEFHEIACYT— a2 —iF R 2E)
Mgy 23%

(EMEEEINLYT—var o7 —%k #E)

A. BFEEK

EREERMICELD MUy FIASITIE TIERRBTEH
E2BHTHZLIcL V2 ORLMEBRBEA DT
BECPGIC 5%, T OEBEZWUET 2] L\ ) BRAVE
BhEbo, LhL, EEDLZABITHIEOHES
2 AR AR IR IZH S 0 TRV, K
WRE T, BITHEREEORLE B ENnD, FHECP
GOMWHIZER L, ZOIEE & it S8 2 MR A%
RIS ZREE L., Thi i Uiz e

(b SY P Y | 2 TRbL AED HENIFRCPCOTES 2 B4 5
hiE aF B REANZ 52 % 2 LIC L0 WEBHRE{LE R

L. & BRI BRITIREEIE 2 EB T 20 U Y
Vr—a sl THZETHD,

B. WFEHE

FRECPCORHME L MTEEH N 2 RES D DD
BUAMFROBRTET S, HMTEBORBUCEE R
BENER I & ENDFHCPCORHEIZ DV THREt
T 5, BITICEE L7240 B L ORBEFHRO AT,
FREARERR OIS L E 5 SR 2§72 DI T
HECTHD, AU T, FRERIRICRET 5T
BRITEBI O ICEE L, SFEREER (FE, &
RfiR.LRAR L) L oE, EEMNRMEMEHRE
BRRRDEED D ORGSR & OBLEZ IR
FT 5, ALICFOREE D L2, FHECPCOIEEN%
T 57O DFEERET D, BEMIZIX, 817
BUBITHRIBIEERE (Lokomat) (2 X AABIRBITH R~
T4 AOFRERE LT, SITEESH A EET
LEEZDNLEL OKRHEEBRREER. B8



O OHRIER, MR BESHRIC X BBEAL,
B b O EBHNRMEMRES A H b 8T
RFERERNT S, SEEOWERFIT. 248
LI DB TR O D ORI Y T— g
s AOBRE « FHMEOERARIREE D,

(fBRE ~DEE)
WMERITESEEZE Y Y T~ a ¥ —fMmE
BHEEBLOAREELETCERT S (BEE)
BEBRFIIIFANCHAEBRE 2 CETHAL., ME%E
B5, WRTEBEF—ZOARICHIZ->Tit., @A
PRHETERVWIOSRERTIRESTA N —D
HEICHFBROREET 5, EMRETHELT—4%
WERE I A, REEHICEMRNLTE HEEE
B35,

C. WroEREE

Lokomat Z AW CHMALEE (RExiprE) BE D
b L —= U FEBRETV, TAROFMEE LT
DORFAEREK NN (transcranial magnetic stimula
tion; TMS) & THERH OFEREENENL (motor evoked
potential; MEP), & V) biJRilB#h & O % R
L ENHEE, EEREEZPLE LEWERFTHRD
FRESEBGESOMM, EREOENHLRED, W
WinziFactive assistive training® EEEMEMN
AERA X7,

D. Z%8

I OB L EIROM R OERIC L - T, EHEHE
RS R OB THRIERE OO DH =2 I vV T
—arHFEREHIRLTWS, LirL, s
TR == 7 REHRBTI N LY T—a
ik, HMM AR S SEICER L EER S SLET
H5, WEDENRET R MOHEWIEKFET &
X, IKR UAE YT —a vV FiEdERSEIEIC
HRER¥ELRD,

AKWFFE CHW ALokomat iXfi{E R BERFEDO L & Xt
S RIITERRBTEEOFBRSFETHD, K
%8 U O THSRE IS O MRS O & |
RO TEESZ R T HIESER ST, £
< OEEMEREEEERDRABRBITI B T—
aVEITHREZBHITOIZENMEE DD L
Zzbhd, £z, BFEEZIANEY TFT—TaF
EOBREER, TORBRICESWIFHmMEEBEL
175 AN ETH D, ZhoDOREZEL T,
FHEER OB THEREEO DI BENRhE
ORRBRREE I D,

E. #
SEFHOYEE L LT, KEFHEREFLELE
TR A PR RE O E BAIHYE L M A FIEORK VAL %
1To7,

- F. {ERfaiRiE

Bz L

G. WreRE

1. SRR

+ Ogata H, Higuchi Y, Ogata T, Hoshikawa S, A
kai M, Nakazawa K:Pressor response to passi

ve walking-like exercise in spinal cord-inj
ured humans. Clinical Autonomic Research 1
9:113-122, 2009
Kamibayashi K, Nakajima T, Takahashi M, Aka
i M, Nakazawa K:Facilitation of corticospin
al excitability in the tibialis anterior mu
scle during robot-assisted passive stepping
in humans. European Journal of Neuroscienc
e 30:100-109, 2009
Obata H, Kawashima N, Akai M, Nakazawa K, O
htsuki T:Age-related changes of the stretch
reflex excitability in human ankle muscles.

Journal of Electromyography and Kinesiology
20:55-60, 2010
Kamibayashi K, Nakajima T, Akai M, Nakazawa

_K: Effect of sensory inputs on the soleus

H-reflex amplitude during robotic passive s
tepping in humans. Experimental Brain Resea
rch 202:385-395, 2010

2. FERE
(RFFELEE - H - BITESELRAN)

H. M PERED R « B &R
(FPEZEL, )

1. REFRUS
%

2. ERBERE
113

3. T DA,



AT FI R E (EEREELR ST 2)

SRR e E

FROAEESITRERER OO DOMRY ~ Y 7— 3 v RO

WA g A%

HORRFRZGRE UL seRt  Bd%

WoeE &

F—aylalIrkRT 5,

I, MRRE P CHEE STV A ERE M, BRCPCO M R4 Hulk & U, BIa o sl L= %
HIo 7ok Y N Y 75— 3 (neurorehabilitation) JFIEDHEEA B4, AWFZECiL. FEBEES
MIETERNZ R > TWO D ERIFBITREN 2 RRIRICH I S H L, @RS AD LA E&EL =D Y Y

A. WHEEBY
RERMICED b Ly FIABITIE TEH 728517
MEEFHRTLZ IR0 fEx OROMEREA S %
FHICPGIZ 5%, TOIEEB R ET D) &) BRI
Bigabo, L, EEOL ZABITHEDH#E
BT DRI IR T2 S Tlidiuy,
AWFGETIE, BTHRER S 0L B Sh b, BFiiC
PCOMEIZFER L, £OIEEZ it 8 5 e
FHMEFF A BRRE L, FNE KIS LB U o
YT —va VHEOREEZEET, Thabb, &K
WHE D B BB BECPG D TE 8l % Fib e = 2 8 B 72 ph e
ANE5 252 L0k ik z2Ee L. 48
AT RERITE 2 HBL T 2 MR ) Y T — 3
VHEERETHZETH D,

B. #FEhikE
TR~ SHEEE 1 042 x5 E LT, ST
B LokomatZ K A Z @17 2 £ L 72 BIz Tk

BT D MTEAIEE) ] 2%, T G H-C B & vl @)
BDZALIZE S ROMEBRIFHRIIGCTED L H I
AT D00 ERF Uiz, Fiz, BITESHH DR
B 2 EBGEEBOFERE 2 REHd 572012, F
e D= BhEE) I _E kO ER) & 70 L - O H1THEER
EHOZbEKRE L (K1) ,

Joint angle

20deq

H1 FEERBLI-EROEXR

C. Mo

SZENTEE I TR TEB E SR L
HTREN D GRS B, iRV EFHOFEIZIS L TED
IRIE E BB N B LT AR RN E S -, BIRR
Wi, itz © EEks X OBEE RS o X - THif
JE&B DIFBLAE AN EANE L, Wi b 7 A OIEEh ) Y
MU7e, ZOEIEHMMERS 25252 &
TLYVBELERDIEENE LN,

Stance phase Swing phase
6 ! 6
g s 5 -
2 - - TA |
= ! i RF
g’ ’ o
) 24 & — I
1 1
T T—— QX  ® 1
GF100 GF80 GF60 GF100 GF80 GF60

M2 ZEHESPICHEERSEEABOSTHEESIOE .,
GF100(& 2B 41T, GFO0ILBHITEMEMOO%ZEBA T > R k L1-1REE,
TA: GifE8B/ Sol : ES5 AR RF: KMEEA; BF : A _Z8R5

AR DI OFER, o EIF WO BN TR IE
AEMEE5 &, ERGEB OIS FHRIEAS (i
JEB ) OEBAHEZZ( LI T Z ENRHLMICX
nic, FHAEBEESOLE., FTRZEhEDO L
GE XTI O IEF Z2AIEEA L 132 & 720 . Al
& 7 OTE B DS BERIIA D 270 & F S T HERD &
DN, Z Dabnormal Z2iEEhix, HEGESOEIMNZ
XURIHTL (TA) . SHICEEMRESICL>TE
I WEBIBZ R4 Z E LN SN, B
WRIEWZ LI, #BEHmCThHoH e 7 AHOIETL, #/i
J&B i & Xz ERGEBI O, EEMRE S I
STHEMT AHEEARD N (K2) . 2hbo
fadE, ERoESN FEOSTERS A2, B
HMARIEAET TR, WU L WA FEES
XFFT 5 EEbIC, BITHREREO OO U ALY
T arvHEBROERLRERERDI LD EEZ
bbb,

D. fERefahRiE i

Rrizp L
E. W9tk
1. @W3C¥E 2L
2. FaREK

AERRIEEM v b OBTIEINC RIS DR  #{E
DEE| F6EIERER TS VR T A (KR)
2004. 11

F. FRMEMED HFE - B8kt

1. RS
iz L

2. FEHHEBE
KRz L

3. ZDfth



WMHRERROTHTICE 5 — &R

5
EERA | A A Ak (EESEo | EOE 4 iR | MR HERE | -
wEEE 4
M
FRERL | WS bk | kb 5 | v | BEE
Obata H, Kawash |Age-related changes [Journal of E |20 55-60 2010
ima N, Akai M, lof the stretch refle|lectromyogra
Nakazawa K, Oht|x excitability in huphy and Kine
suki T man ankle muscles. siology
Kamibayashi K, |Facilitation of cort [European Jou |30 100-109 2009
Nakajima T, Taklicospinal excitabilifrnal of Neur
ahashi M, Akai |ty in the tibialis aloscience
M, Nakazawa K interior muscle durin
g robot-assisted pas
sive stepping in hum
ans.
Kamibayashi K, |Effect of. sensory in Experimental 202 385-395 2010
Nakajima T, Aka|puts on the soleus H| Brain Resea
i M, Nakazawa K [-reflex amplitude durch
ring robotic passive
stepping in humans
Ogata H, Higuch |Pressor response to |Clinical Aut |19 113-122 2009
i Y, Ogata T, Hpassive walking-1like [onomic Resea
oshikawa S, Aka| exercise in spinal |rch
i M, Nakazawa K |cord~injured humans




W2 R DT 1T



Provided for non-commercial research and education use.
Not for reproduction, distribution or commercial use

. Volume 20, Issua 1, February 2070 1SS 1050-6411

JOURNAL OF

ELECTROMYOGRAPHY
KINESIOLOGY

OFfICIAL JOURNAL OF
THE INTERNATIONAL SOCIETY OF
BIECTROPHYSICIOGY AND KINESKHOGY
AND THE JAPANESE SoCiETY oF
ElFCTROPHYSIOIOGICAL KINESIOLOGY

| This ?ﬂ*i' appeared in a journal published by Elsevier
| copy is furnished to the author for internal nc

and sducaiion use, including for instruction a
and sharing with colleag:

l
|
|
| Other uses, including reproduction and distribution, or selling or
| icensing coples, or posting 1o personal, institutional or third party
1 websiles are prohibifad,
i

in most cases authors are permitied to post thelr version of the
article (e.g. in Word or Tex form) 1o their g; rao aé websiie or

institutional repository. Authors requiring i1 inforn
regarding Eisevier’s archiving and manusg hg“n gj«siim@’ are

encouraged 10 visil:

hitp//www.elsevier.com/copyright




Journal of Electromyography and Kinesiology 20 (2010) 55-60

journal homepage: www.elsevier.com/locate/jelekin

Journal of Electromyography and Kinesiology

Contents lists available at ScienceDirect

Age-related changes of the stretch reflex excitability in human ankle muscles

Hiroki Obata P+, Noritaka Kawashima <, Masami Akai®, Kimitaka Nakazawa ®, Tatsuyuki Ohtsuki?

2 Department of Life Sciences, Graduate School of Arts and Sciences, Sports Science Laboratory, The University of Tokyo, 3-8-1 Komaba, Meguro-ku, Tokyo 153-8902, Japan
b pepartment of Rehabilitation for Movement Functions, Research Institute, National Rehabilitation Center for Persons with Disabilities, 4-1 Namiki, Tokorozawa,

Saitama 359-8555, Japan
¢ Japanese Saciety for the Promotion of Science, Japan

ARTICLE INFO

Article history:

Received 28 July 2008

Received in revised form 23 January 2009
Accepted 27 January 2009

Keywords:

Stretch reflex

Aging

Tibialis anterior muscie
Soleus muscle

ABSTRACT

The purpose of this study was to characterize the effects of aging on the stretch reflex in the ankle mus-
cles, and in particular to compare the effects on the ankle dorsi-flexor (tibialis anterior: TA) and the plan-
tar-flexor {soleus: SOL). Stretch reflex responses were elicited in the TA and SOL at rest and during weak
voluntary contractions in 20 elderly and 23 young volunteers. The results indicated that, in the TA mus-
cle, the elderly group had a remarkably larger long-latency reflex (LLR), whereas no aging effect was
found in the short latency reflex (SLR). These resuits were very different from those in the SOL muscle,
which showed significant aging effects in the SLR and medium latency reflex (MLR), but not in the
LLR. Given the fact that the LLR of the TA stretch reflex includes the cortical pathway, it is probable that
the effects of aging on the TA stretch reflex involve alterations not only at the spinal level but also at the
cortical level. The present results indicate that the stretch reflexes of each of the ankle antagonistic mus-
cles are affected differently by aging, which might have relevance to the neural properties of each muscle.

©® 2009 Elsevier Ltd. All rights reserved.

1. Introduction

1t is well recognized that aging affects the performance of motor
tasks, such as the maintenance of posture and balance control
(Bohannon et al., 1984; Horak et al., 1989). It is presumed that both
the central and peripheral nervous systems contribute to these phe-
nomena, but the precise mechanisms are still unknown (Stelmach
et al., 1989). Stretch reflex, a simple neural circuit that responds
to the sudden stretch of a muscle, might be also affected by aging.

Some investigations have paid attention to the effect of aging on
the spinal reflex modulation of the soleus (SOL) muscle, which is a
key muscle for postural control and bipedal walking (Koceja et al.,
1995; Angulo-Kinzler et al,, 1998; Chalmers and Knutzen, 2002;
Kawashima et al., 2004). We previously demonstrated that elderly
subjects show augmented short stretch reflex response in the SOL
muscle at rest as compared to those in young subjects (Kawashima
et al., 2004). It has also been demonstrated that elderly subjects
lack the ability to modulate the SOL motoneuronal excitability
for instance, Koceja et al. (1995) showed abnormal modulation of
the motoneuronal excitability by postural changes.

On the other hand, recent studies have suggested that the
stretch reflex of the tibialis anterior (TA), the antagonistic muscle
of the SOL muscle, also has an important role in stabilizing the an-
kie joint during upright standing (Nakazawa et al., 2003), and the

* Corresponding author. Address: Department of Life Sciences, Graduate School of
Arts and Sciences, Sports Science Laboratory, The University of Tokyo, 3-8-1 Komaba,
Meguro-ku, Tokyo 153-8902, Japan. Tel.: +81 3 5454 6887, fax: +81 3 5454 4317.

E-mail addresses: hirokiobata@gmail.com, obata@rehab.go.jp (H. Obata).

1050-6411/$ - see front matter © 20089 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jelekin.2009.01.009

early stance phase of walking (Christensen et al., 2001; Nakazawa
etal,, 2004). However, to the best of our knowledge, only one study
has examined the changes of the TA muscle due to aging. Although
Nardone et al. (1995) reported that the amplitude of the reflex ac-
tion obtained in the TA muscle during upright standing did not de-
pend on age; it remains unknown how the stretch reflex function
of the TA muscle changes with age, and whether or not the aging
process of this muscle is identical to those in other muscles.

It is well known that each of the SOL and TA muscle have differ-
ent neuronal characteristics, such as different degrees of connection
to the motor cortex (Bawa etal., 2002), and different modulation ef-
fects on the spinal reflex excitability (Katz et al., 1988). Interest-
ingly, in contrast to the SOL muscle, the TA stretch reflex shows a
larger long-latency reflex (LLR) component, which presumably in-
volves the transcortical pathway (Petersen et al., 1998). Given these
facts, it is very likely that the aging process of the stretch reflex in
the TA muscle is different from that in the SOL muscle.

The purpose of this study was therefore to characterize the ef-
fect of aging on the stretch reflex in the ankle muscles, and in par-
ticular how they differ between the ankle dorsi-flexor TA and the
plantar-flexor SOL.

2. Methods
2.1. Subjects

Twenty healthy elderly volunteers (mean age 68.0 £ 5.9 years,
male = 11, female = 9) and twenty-three young heaithy volunteers
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(224 + 1.8 years, male=11, female=12) with no history of
neurological or muscle disorders participated in the present study.
The subjects gave their informed consent to participate in this study,
which was conducted in accordance with the Declaration of Helsinki
and was approved by the Ethics Committee of the National Rehabil-
itation Center for Persons with Disabilities, Tokorozawa, Japan.

2.2. Procedures

Each subject remained seated comfortably in a chair with the
right leg fixed to a footplate connected to a servo-controlled torque
motor with a rotary encoder (Senoh Inc., Tokyo, Japan). The axis of
rotation of the footplate was aligned with the axis of rotation of the
ankle joint. The hip and knee angles were fixed at 40° and 50° flex-
ion positions, respectively (anatomical position was 0°). The elec-
tromyographic (EMG) activities in the SOL and TA muscles were
recorded using bipolar surface electrodes (Ag/AgCl, diameter
7 mm) placed on the muscle belly at an inter-electrode distance
(center to center) of 15 mm. The EMG signals were amplified and
band-pass-filtered by a bipolar differential amplifier (AB-621B Ni-
hon Kohden, Tokyo, Japan) with low and high cut-off frequencies
between 15 and 1000 Hz, respectively. The EMG, torque and angle
signals were digitalized at a sampling rate of 1 kHz (WE7251;
Yokogawa Electric Co., Tokyo, Japan) and stored in a computer.

Prior to the stretch reflex tests, the subjects were asked to exert
the maximal isometric voluntary contraction for the SOL and the
TA muscle in turn in order to determine the maximal EMG level.
In this manuscript, the term “MVC” indicates the EMG level during
maximal isometric voluntary contraction. The subjects were asked
to maintain two contraction levels, i.e., rest (condition REST) and
weak veluntary contraction (approximately 10% MVC: condition
ACT) in the TA for the TA stretch test and in the SOL for the SOL
stretch test. To control the contraction level, the smoothed full-
wave rectified EMG and the reference line corresponding to 0%
and 10% MVC were displayed on an oscilloscope, and the subjects
were asked to keep a rectified EMG at a target level. A quick
stretching of the TA or the SOL was given by imposing a quick rota-
tion of the ankle joint at a range from 10° plantar-flexion to 5° dor-
si-flexion. The direction of the rotation was plantar-flexion for the
TA stretch test and dorsi-flexion for the SOL stretch test. Three dif-
ferent angular velocities, approximately 150 (slow: SL), 250 (mod-
erate: MD), and 350°fsec (fast: FS) were applied five times in

random order and at random stimulus intervals (10-15s). The or-

ders of stretching and contraction levels were randomized.
2.3. Data analysis

The digitized EMG signals were full-wave rectified after sub-
traction of the DC bias. The mean background EMG activity
(BGA) level was then subtracted from the evoked EMG responses.
The BGA was calculated during the 100 ms prior to the onset of
stretches. In the present study, the incidence of reflex elicitation
was calculated to show how often the stretch reflex response ap-
peared in each group and for each contraction level and angular
velocity. The number of observed responses was expressed as the
ratio to the total number of stretches. The criterion of reflex
appearance used for the probability was whether an EMG response
reached a level higher than the BGA plus three times its standard
deviation (BGA + 3SD). Stretch reflex responses were divided into
their short- (SLR), middle- (MLR), and LLR components. The onset

and the endpoint of the stretch reflex response were defined in’

the same manner as the probability of reflex elicitation. In accor-
dance with previous studies (Schieppati and Nardone, 1997;
Christensen et al., 2001), the onset of MLR was defined as 20 ms
after the onset of SLR and that of LLR was defined in as 20 ms after
the onset of MLR. Thus, the duration of SLR and MLR was defined as

20 ms, respectively. The duration of LLR was determined from the
above mentioned onset to the endpoint of the stretch reflex re-
sponse. In the present study, the mean amplitude of the rectified
EMG with the BGA value subtracted was used to evaluate the size
of each stretch reflex component.

The statistical differences of incidences were tested by the y2-
test at each muscle contraction level and angular velocity. Statisti-
cal differences in each reflex component were tested by two-way
analysis of variance (ANOVA, 2 x 2, muscle contraction le-
vel x group). Scheffé's post-hoc comparisons were used to deter-
mine the statistical differences between the REST and ACT
conditions and between elderly and young groups. The significance
level was set at P < 0.05.

3. Results
3.1. Background EMG activity

We confirmed that the level of BGA of the SOL and TA muscles
were similar between the elderly and young groups. In the SOL
stretch test, the SOL BGA at REST were 0.4 + 0.07 and 0.4 + 0.08%
MVC for young and elderly, respectively and increased to
9.6 £0.59 and 9.9 + 0.74% MVC at ACT. In the TA stretch test, the
TA BGA at REST were 0.4+0.19 and 0.5 £ 0.14% MVC for young
and elderly, respectively and increased to 8.6+0.33 and
9.6 + 0.60% MVC at ACT.

3.2. Probability of reflex elicitation

In the present study, the stretch reflex responses of the TA ap-
peared more frequently in the elderly subjects than in the young
subjects. The probability of reflex elicitation in each condition,
stretch speed, and muscle is summarized in Table 1. As shown in
this table, a stretch reflex response could not be obtained in all
subjects. Moreover, the number of responses increased with angu-
lar velocity and contraction level. The probability of the TA stretch
reflex response in REST was statistically higher in the elderly sub-
jects than in the young subjects at each angular velocity (y>-test,
P <0.05). On the other hand, the probability of the SOL stretch re-
flex response in REST tended to be lower in the elderly subjects
(%*-test, P < 0.05). Therefore, we calculated the latency and ampli-
tude of the reflex responses only at the fastest velocity and for sub-
jects who responded to both the REST and ACT conditions in each
stretch test.

3.3. Stretch reflex EMG responses

Fig. 1 shows typical waveforms of stretch reflex responses in the
TA and the SOL under both postural conditions, REST and ACT, ob-
tained from one subject in each group. As clearly shown in this fig-
ure, there was a remarkable difference in the reflex amplitude
between the TA and SOL stretch reflex responses. The elderly sub-
Jjects showed a relatively larger (Fig. 2) and longer response (Table
2) in both REST and ACT in the TA.

3.4. Latency and duration of the stretch reflex EMG responses

The onset of the TA stretch reflex response was earlier in the
ACT than in the REST (F;, 32)= 15.8, P<0.01), while no difference
was found in latency between the two subject groups (Table 2).
In contrast, there was no effect of the contraction level in the
SOL stretch reflex response, whereas the effect of group was signif-
icant (F(y, 32)=23.1, P< 0.01) in this muscle.

An interaction between groups and contraction levels was
found in the durations of the TA stretch reflex (Fi, 32)= 16.0,
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Table 1
The probability of reflex elicitation at each angular velocity for the (a) TA and (b) SOL
stretch tests. Significant difference (P < 0.05).

(aTA
Slow Moderate Fast
Elderly
REST 39.0% (10/20) 57.0% (13/20) 71.0% (19/20)
ACT 58.0% (16/20) 75.0% (20/20) 81.0% (20/20)
Young
REST 19.1% (5/23) 31.3% (12/23) 36.5% (14/23)
ACT 53.0% (15/23) T7.4% (22/23) 80.9% (22/23)
(b) SOL
Slow Moderate Fast
Elderly
REST 84.0% (17/20) 85.0% (18/20) 88.0% (18/20)
ACT 92.0% (20/20) T 98.0% (20/20) 100.0% (20/20)
Young
REST 99.1% (23/23) ©8.3% (23/23) 99.1% (23/23)
ACT 98.3% (23/23) 100.0% (23/23) 100.0% (23/23)

Percentage of number of responses to number of stretches
(number of responding subjectsftotal number of subjects)

P<0.01). The duration of the TA stretch reflex was longer in ACT
than in REST only in the young subjects (P < 0.05). On the other
hand, there was no effect of group or contraction level in the SOL.

3.5. Stretch reflex components

Summarized data for each of three reflex components (SLR,
MLR, and LLR) are shown in Fig. 2. Differences in the effects of
aging between the TA and SOL muscles were mainly found in
LLR. The group effect was significant only in LLR of the TA stretch
reflex (F(1, 32y = 4.7, P < 0.05): the elderly subjects had larger LLR re-
sponses than the young subjects in both contraction levels
(P<0.05).

Another difference was found in the SOL, that is, the elderly
subjects lacked a significant augmentation in the reflex response
size according to the muscle contraction level in SLR and MLR.
The augmentation was found only in the young subjects in SLR
and MLR (P < 0.05). On the other hand, the effect of muscle contrac-
tion was significant in all three reflex components in the TA (SLR:
F(]_ 32) =42.5, MLR; F(I, 32)= 20.6, LLR: F(]_ 32) = 77, P< 0.05) each
component in both groups was larger in ACT than in REST.

Elderly

TA

SOL  oOnsetof
perturbation

50 ms

150 uV

The most remarkable age-related differences were found in the
LLR component of the TA muscle, and there were distinct differ-
ences in the relative EMG magnitudes of the SLR and LLR compo-
nents between the SOL and TA muscle. Fig. 3 shows the size of

“the LLR relative to the SLR component. It is clear that the LLR

component is larger in the TA muscle, especially in the elderly
group. Two-way ANOVA (muscle contraction level x group) re-
vealed a significant main effect of “group” in the TA LLR (F,
s7)=13.12, P<0.01). A post-hoc test showed statistically signifi-
cant differences between the elderly and young groups under the
REST and ACT conditions in the TA LLR, .

4. Discussion

The purpose of the present study was to examine the effect of
aging on the stretch reflex in the ankle muscles. Our interest was
whether the aging process of the ankle dorsi-flexor TA is identical
to that in the ankle plantar-flexor SOL. We characterized the differ-
ences in the effects of aging on these muscles by observing not only
the amplitude of each reflex component and the reflex latency, but
also the incidence of the stretch reflex responses when perturba-
tions were applied. The present results clearly demonstrated the
following four differences in the elderly subjects in comparison
to the young subjects, namely, (1) higher probability of reflex elic-
itation, (2) longer duration of the reflex response in the TA at REST,
(3) larger LLR in the TA at both contraction levels, and (4) lack of
contraction level-related augmentation of SLR and MILR in the SOL.

These results suggest that the effect of aging on the stretch re-
flex is different between the TA and SOL muscles. In the following
section, the possible neurological mechanisms underlying these re-
sults are discussed.

4.1. Effects of aging on the short and medium stretch reflex component

As clearly shown in the data obtained from the young subjects,
the SLR and MILR in both the TA and SOL muscles showed marked
increases from the REST to ACT conditions. This facilitated stretch
reflex response, called automatic gain compensation, is regarded as
an important function to adjust the reflex excitability in accor-
dance with the pre-activation level of each muscle (Matthews,
1986). It can be simply explained by the prior recruitment of more
motor units or enhanced sensitivity of the muscle spindle due to
o~v linkage. However, in the elderly subjects, the SLR and MLR
of the SOL muscle showed no significant changes between the REST
and ACT conditions, although the level of BGA was very different.
This result is consistent with the previous results {(Kawashima et
al,, 2004; Chung et al,, 2005). In our previous study, we suggested
that histochemical alterations in muscle fibers accompanying the

L'\“') toe down

Young

L.’\ toe up

Fig. 1. Typical waveforms of the stretch reflex responses in the TA and the SOL at moderate velocity. The thick line indicates the EMG responses under the REST condition, and
the thin line, under the ACT condition. The vertical dotted line indicates the onset of stretch,
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Fig. 2. Comparisons of the mean amplitude of each component between the elderly and young groups and REST and ACT conditions in the (a) TA and (b) SOL stretch reflex
responses. The error bars indicate the SE of the mean value. ‘Significant difference (P < 0.05).

Table 2
Means + SE for latency and duration of the stretch reflex responses in the (a) TA and
(b) SOL stretch reflex responses. 'Signiﬁcant difference (P < 0.05).

(a) TA
Latency (ms} Ouration (ms)
Older
REST 768 + 6.!:“]’.= 632 + 7.8
ACT 656 + 65 65.7 £+ 4.2
*
Younger
REST 695 6.6]* 429 & 54 ]*
ACT 60.2 + 52 680 * 38
(b) SOL
Latency (ms) Duration (ms)
Older
REST 472 ¢+ 08 339 ¢ 22
ACT 471 + 07 = 387 + 13
Younger *
REST 436 + 08 349 £ 19
ACT 428 & 07 370 ¢+ 13

aging process, such as stiff intrafusal fibers, might affect the SLR in
the SOL muscle because the excitability of the motor-neuron pool
evaluated with the H-reflex was not different in elderly and young
subjects (Kawashima et al., 2004). This explanation may also be
applicable to the present result.

11

4.2. Effect of aging on the long-latency reflex component

There has been some dispute regarding the physiological path-
ways of the LLR. For the distal muscles in the upper extremities,
which are more predominantly under cortical control, the LLR is
commonly assumed to involve supraspinal mechanisms ( Mat-
thews, 1991). In the lower limb, the neural pathway underlying
LLR is likely to depend on the muscle. In the SOL muscle, some
authors have reported that the spinal pathway is responsible (Tra-
cey et al., 1980; Koceja and Kamen, 1992), whereas others have
indicated that it is the transcortical pathway (Taube et al., 2006).
In the TA muscle, it is now assumed that the transcortical pathway
is largely involved in the LLR response (Petersen et al., 1998; van
Doornik et al., 2004). Therefore, the larger LLR response in the TA
muscle in the elderly subjects may indicate that the effect of aging
on the TA stretch reflex includes the change in the excitability of
the motor cortex. Similarly, Lin and Sabbahi (1998) observed larger
stretch reflex magnitude of the long-latency responses in the wrist
muscles of the elderly group, and they suggested that the age-re-
lated changes of the stretch reflex system involve supraspinal
mechanisms.

It is noteworthy that the larger magnitude and longer duration
of the LLR component in the elderly subjects were found even at
REST. This result suggests that elderly persons have a deficit of ade-
quate suppression of the LLR under resting condition. The en-
hanced LLR in the TA muscle is known in patients with
parkinson's disease (Ridding et al.,, 1995). Given the fact that intra-
cortical inhibition is reduced with aging (Peinemann et al,, 2001}
and in patients with Parkinson's disease (Ridding et al, 1995),
the inhibitory mechanisms of the motor cortex might have contrib-
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Fig. 3. Comparisons of the amplitude ratios between stretch reflex components between elderly and young groups and REST and ACT conditions in both the TA and the SOL
muscles. The error bars indicate the SE of the mean value, Significant difference (P < 0.05).

uted to the present result. Although it is not clear whether or not
the same neural mechanism contributes, age-related alteration in
the supraspinal mechanism, such as the transcortical feedback loop
from the basal ganglia to the motor cortex, may at least in part con-
tribute to the present result.

Some previous studies have investigated the age-related change
in the cortico-spinal pathway by using transcranial magnetic stimu-
lation. These studies have shown that greater stimulus intensities
arerequired to reach the same maximal motor output in elderly sub-
jects (Pitcher et al., 2003). Their result suggests that the enhanced
LLR component observed in the present study cannot be solely ex-
plained by the age-related change in the cortico-spinal pathway.
Nevertheless, since the previous investigations have been targeted
at the FDI muscle, the involvement of the cortico-spinal pathway
cannot be completely ruled out. Alternatively, the enlarged LLR re-
sponse could be explained by age-related alterations in the periph-
eral muscle and/or tendon properties, such as the increased half-
relaxation time of tendon reflexes previously reported in the elderly
(Carel et al.,, 1979; Koceja et al., 1993). Because detailed information
about the mechanism of the larger LLR in the elderly is not available
at present, future studies using the TMS technique, such as a short-
interval intracortical inhibition or intracortical facilitation will need
to be conducted to examine this possibility.

4.3. Different aging process of the stretch reflex between TA and SOL
muscles

The present results indicated the occurrence of remarkable age-
related changes in the LLR in the TA and SLR and MLR in the SOL.
Such differences between the ankle plantar- and dorsi-flexor mus-
cles might be explained by the different neurological and biome-
chanical features of those muscles. It is well recognized that the
connection to the motor cortex is stronger in the TA than in the
SOL muscle (Bawa et al., 2002), and that the activity of the ankle
dorsi-flexor is more under the control of a supraspinal mechanism
(Armstrong, 1988). Dietz indicated in his review article that “the
CNS determines the TA response, whereas the SOL response is

12

dominantly modulated by peripheral information” (Dietz, 1992).
Moreover, the present result of the TA stretch reflex is similar to
that observed in the wrist muscles, in which a larger LLR has
been reported with aging (Lin and Sabbahi, 1998). Biomechanical
factors are also likely to contribute to the difference. It is well
known that the ankle plantar-flexor muscle, but not the ankle dor-
si-flexor muscle, acts as an antigravity muscle during standing.
Since the ankle plantar-flexor is selectively expased to body weight
for a long time, some peripheral changes are more progressive
within the ankle plantar-flexor than they are within the ankle dor-
si-flexor.

In conclusion, the present results demonstrated that the effects
of aging on the stretch reflex are different in the TA and the SOL.
Such differences seem to be related to the different neurological
and biomechanical properties of those muscles.
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Facilitation of corticospinal excitability in the tibialis anterior
muscle during robot-assisted passive stepping in humans

Kiyotaka Kamibayashi,* Tsuyoshi Nakajima, Makoto Takahashi," Masami Akai and Kimitaka Nakazawa
Department of Rehabilitation for Movement Functions, Research Institute, National Rehabilitation Center for Persons with
Disabilities, 4-1 Namiki, Tokorozawa, Saitama 359-8555, Japan
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Abstract

Although phasic modulation of the corticospinal tract excitability to the lower limb muscles has been observed during normal walking,
it is unclear to what extent afferent information induced by walking is related to the modulation. The purpose of this study was to test
the corticospinal excitability to the lower limb muscles by using transcranial magnetic stimulation (TMS) and transcranial electrical
stimulation of the motor cortex while 13 healthy subjects passively stepped in a robotic driven-gait orthosis. Specifically, to investigate
the effect of load-related afferent inputs on the corticospinal excitability during passive stepping, motor evoked potentials (MEPSs) in
response to the stimulation were compared between two passive stepping conditions: 40% body weight unloading on a treadmill
(ground stepping) and 100% body weight unloading in the air (air stepping). In the rectus femoris, biceps femoris and tibialis anterior
(TA) muscles, electromyographic activity was not observed throughout the step cycle in either stepping condition. However, the TMS-
evoked MEPs of the TA muscle at the early- and late-swing phases as well as at the early-stance phase during ground stepping were
significantly larger than those observed during air stepping. The modulation pattern of the transcranial electrical stimulation-evoked
MEPs was similar to that of the TMS-evoked MEPs. These results suggest that corticospinal excitability to the TA is facilitated by
load-related afferent inputs. Thus, these results might be consistent with the notion that load-related afferent inputs play a significant

role during locomotor training for gait disorders.

Introduction

It is well recognized that many patients with incomplete spinal cord
injury have a greater chance of regaining walking ability throdgh
participating in conventional overground mobility therapy and body-
weight-supported treadmill training (Wernig et al., 1995; Barbeau et al,
1999; Wirz et al., 2005; Dobkin et al., 2006). The key concepts of this
training are that afferent inputs related to the stepping activate spinal
neuronal circuits and that prolonged exposure to locomotor training
induces use-dependent plasticity in the central nervous system.
Although much attention has been paid to the spinal neural mechanisms,
less is known about the changes in corticomotor function that might
occur when a patient undergoes the training.

With respect to the corticomotor function during healthy human
walking, several transcranial magnetic stimulation (TMS) studies
showed modulation in the excitability of the corticospinal tract while
walking (Schubert er al, 1997; Petersen ef al., 1998, 2001; Capaday
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et al, 1999; Bonnard er al., 2002). The first of these studies
demonstrated that motor evoked potentials (MEPs) of the ankle
muscles by TMS were generally modulated in parallel with muscle
activation levels during treadmill walking (Schubert er /., 1997). At
this point, it is unknown to what extent descending and afferent inputs
contribute to this phase-dependent modulation of the corticospinal
excitability during walking.

A recently developed driven-gait orthosis (DGO) for locomotor
training is capable of drastically reducing the effects of descending
commands and of examining the effects of afferent inputs associated
with stepping. It has been shown in positron emission tomography and
functional MRI experiments that active and passive movements during
bicycling (Christensen et al., 2000) and flexion-extension of the wrist
joint (Lotze ef al., 2003) resulted in a similar pattern of activity in the
sensory-motor cortex, although active movement was associated with
higher activation in the primary motor cortex. In studies using TMS,
modulation in the corticospinal excitability to the forearm muscle has
been observed during passive wrist movement (Carson ¢f al., 1999;
Lewis et al., 2001; Lewis & Byblow, 2002). From these previous
reports, even during passive stepping using the DGO, the corticospinal
excitability to the lower limb muscles may be modulated by the
peripheral afferent inputs.

The present study was designed to test the changes in the
corticospinal excitability to the lower limb muscles by TMS while a
healthy subject passively stepped in the DGO. Specifically, as

© The Authors (2009). Journal Compilation © Federation of European Neuroscience Societies and Blackwell Publishing Ltd



peripheral inputs from hip joints and load receptors have been
considered important for the generation of locomotor-related muscle
activity and for locomotor recovery (Harkema et al., 1997; Dietz &
Harkema, 2004), we investigated the effect of load-related afferent
inputs on the corticospinal excitability at different body-weight-
unloading conditions during passive stepping. By using the same
DGO, we have recently observed strong facilitation of the
cutaneous reflex in the tibialis anterior (TA) muscle at body-
weight-loaded passive stepping but not at completely unloaded
passive stepping (Nakajima er al., 2008). Therefore, we hypothe-
sized that the load-related afferent inputs will up-regulate corti-
cospinal excitability to the TA muscle in a phasic manner during
passive stepping.

Materials and methods
Subjects

Thirteen healthy subjects (aged 2344 years) participated in this
experiment with the ethical approval of the local ethics committee at
the National Rehabilitation Center for Persons with Disabilities. All
subjects were included in the main experiment and four of them
participated in an additional experiment. None of the subjects had any
known history of neurological disorders. Each subject provided
informed consent to the experimental procedures, which were in
accordance with the Declaration of Helsinki.

Passive stepping

Passive stepping was assisted by a robotic DGO (Lokomat®, Hocoma
AG, Switzerland). A detailed description of the device can be found
elsewhere (Colombo er al., 2000). The DGO enables the imposition of
locomotor stepping without voluntary movements. Briefly, the DGO
provides drives for the physiological hip and knee joint movements of
each leg. Four separate position controllers control the angles of the
hip and knee joints in a computer-based real-time system. The DGO
was secured to the subject by straps across the pelvis and chest. The
lower limb parts of the orthosis were fixed to the subject with straps
around the thigh and shank. Dorsiflexion of the ankle joint for toe
clearance during the swing phase was achieved by a passive foot lifter
(spring-assisted elastic strap). Additionally, each subject wore an ankle
foot orthosis (fixed at 5° dorsiflexion) to prevent large movements in
the ankle joint.

To change load-related afferent inputs during stepping, two passive
stepping conditions were used, each with a different amount of body
weight unloading. One was passive stepping on the treadmill with
unloading of 40% body weight (ground stepping), which is close to
the level of unloading used in the locomotor training for spinal-cord-
injured patients. The other stepping condition was with full (100%)
body weight unloading, i.e. the subjects were suspended with the
DGO in the air during the passive stepping (air stepping). In both
stepping conditions, the stepping speed was set at 1.5 km/h. During
passive stepping, the subject was instructed to relax as much as
possible and not to prevent the lower limb movements imposed by the
DGO.

Measurements

Electromyographic (EMG) activity was recorded from the rectus
femoris (RF), biceps femoris (BF), soleus (Sol) and TA muscles in the
right lower limb by surface bar electrodes (inter-electrode distance,
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10 mm) placed over the muscle bellies. The ground electrode was
placed over the malleolus. The EMG signals were amplified (x1000)
and band-pass filtered (15-1000 Hz) by a bioamplifier (MEG-6108,
Nihon Kohden, Japan). Actual hip and knee joint angles of the
orthosis were provided by potentiometers attached to the joint part of
the orthosis. The angle of the ankle joint was recorded by an
electrogoniometer attached to the anterior aspect of the lower leg and
foot (SG110, Biometric Ltd, UK). Ground contact of the heel during
ground stepping was detected by a pressure-sensitive sensor placed
under the heel (PH-463, DKH, Japan). All signals were sampled at
2 kHz (WE 7000, Yokogawa Co. Ltd, Japan) and stored for later
analysis.

Transcranial magnetic stimulation

To investigate the corticospinal excitability in the right lower limb
muscles, TMS was applied over the left motor cortex using a magnetic
stimulator (Magstim 200, Magstim Co., UK). A double-cone coil
(outside diameter, 110 mm) was positioned in the best location for
eliciting MEPs in the TA muscle. The center of the coil was placed
between the vertex and ~20 mm to the left of the vertex, and current
in the coil flowed in the anterior-to-posterior direction. A swimming
cap was pulled tightly over the subject’s head and the best location for
the stimulation was then marked on the cap with white tape. The coil
was firmly fixed with a chin band and Velcro® tape and was held by an
experimenter. The weight of the coil cable was decreased by
suspending it from a support frame that is used to hang up the
harness in the body weight support system. The coil position was
regularly checked to ensure that no slippage occurred during the
experiment.

The stimulus intensity was set to produce a peak-to-peak MEP
amplitude of ~0.1 mV in the TA muscle during upright standing with
40% body weight unloading. The MEPs during standing were
recorded at least six times. During the ground and air stepping, the
TMS stimuli were given at 6-s intervals, slightly out of phase with the
step cycle. In this manner, the stimuli were dispersed randomly over
the step cycle. In each recording session, 20--30 stimuli were applied
in a stepping condition (i.e. each session for approximately 2—-3 min).
After the rest interval, the other stepping condition was performed; in
total, three or four sessions of each stepping condition were
conducted.

Additional experiment

Four of the 13 subjects included in the main experiment participated in
an additional experiment to compare the pattern of the MEP responses
between TMS and transcranial electrical stimulation (TES) during
passive stepping. In this experiment, TES was applied using a
stimulator (D180, Digitimer Ltd, UK). The time constant of the
stimulation pulse was 100 ps. An anode electrode for TES was placed
~20 mm to the left of the vertex and a cathode ~50 mm anterior to
the vertex (Di Lazzaro et al., 2001). The stimulation electrodes were
firmly secured by a swimming cap. As in the case of TMS, the
stimulus intensity for TES was also set to evoke a peak-to-peak MEP
amplitude of ~0.1 mV in the TA during upright standing with 40%
body weight unloading. After the MEP recording by either TMS or
TES was performed under both stepping conditions (ground and air
stepping), the MEPs by the other stimulus method were recorded
under both stepping conditions. In this additional experiment, the
stepping condition and the stimulus timing for TMS and TES were the
same as in the main experiment.
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Data analysis and statistics Results

The peak-to-peak MEP amplitudes of TMS and TES were analysed Patterns of leg muscle activity and joint movement during
off-line. For each MEP, the peak amplitude in the lower limb muscles passive stepping

was measured within a time window of 20-60 ms after the
stimulation. The EMG background activity (BGA) was determined
as a root-mean square value of the EMG activity for 50 ms just prior
to the stimulation. The joint angle was measured at the instant the
stimulation was applied. As there was no heel contact during air
stepping, the signal of the heel contact could not be used as a reference
point in the step cycle. Therefore, the instant of the maximal flexion of
the right hip joint was used as the reference point (ie. the starting
point of a step cycle). The step cycle of the passive stepping was activity was not observed in the RF, BF or TA muscle. Low EMG
divided into six phases of equal length. For each subject, more than six
peak amplitudes were averaged for each phase of the step cycle in
each stepping condition. The data are shown as mean + SEM across
subjects in each condition. In the main experiment, the MEPs and
BGAs were analysed using a two-way repeated-measure ANOVA with
factors of task (ground and air stepping) and phase (six phases in the
step cycle). In addition, one-way ANOVA fests were conducted to
determine the significant differences under each stepping condition,
with the factor of step phase. When the assumption of sphericity by During stepping, the TMS was applied at a constant intensity. As there
Mauchly’s test was violated, Greenhouse-Geisser adjustments to the was little or no EMG activity during stepping, the MEPs were detected
degrees of freedom were made. When statistical significance was easily, even at responses as small as ~50 pV. In Fig. 1, the MEPs
found using the ANOVAs, posi-hoc tests (Bonferroni) for multiple evoked at the end of the swing phase during ground stepping (the area

movements under both passive stepping conditions with the DGO.

stepping in some subjects.

Transcranial magnetic stimulation-evoked responses in the
standing and stepping conditions

comparisons were performed to identify significant differences. The enclosed by the dotted line) are enlarged in the traces at the right of the
significance level was set at P < 0.05 in all cases. ) figure.
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FIG. 1. Example of the raw EMG activities of the RF, BF, Sol and TA muscles and movement trajectories of the hip and ankle joints observed in the right leg during

ground and air stepping. The heel contact phase during ground stepping is shown by a signal from a pressure sensor. The trigger signals represent the timing of the
TMS. The stimulus intensity was 45% of the maximal stimulator output in this subject. The MEPs evoked by TMS during ground stepping (the area enclosed by the

dotted line) are enlarged on the right (from 50 ms before to 100 ms after the stimulation).
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Figure 1 shows a typical example of the EMG activities and joint

The movement trajectories of the hip and knee joints were similar
between ground and air stepping because the limb position was
controlled by the computer-based real-time system. The motion of the
ankle joint at the stance phase of ground stepping was also similar to
that of air stepping because the ankle position was fixed by the foot
orthosis. Across the step cycle under both stepping conditions, EMG

activity was seen in the Sol muscle at the stance phase of ground



t
2

Figure 2 illustrates a typical example of the averaged MEPs in all
four muscles recorded in the standing posture and under the two
stepping conditions in a single subject. The step cycle was divided into
six equal phases on the basis of the maximal flexion of the right hip.
The top of this figure is a schematic representation of the lower limb
with the DGO at the six different phases of the step cycle and the
bottom of the figure shows the angle trajectories of the hip and ankle
joints under both stepping conditions. Each MEP trace shows an
average of six or more responses. During stepping, the MEPs were
modulated at phases of the step cycle despite the consistent stimulus
intensity. The TA MEPs were especially strongly facilitated during
ground stepping. The MEPs in the Sol were larger in the latter part of
the stance phase than at the other phases during ground stepping. In
the RF and BF, MEPs were also changed across the step cycle. The
modulation pattern of the MEPs was obtained in a reproducible
fashion across different recording sessions.

While the subject was standing with 40% body welght unloading,
the stimulus intensity was chosen in order to evoke MEPs of ~0.1 mV

Standing
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in the TA. The stimulus intensities among the subjects ranged from 41
to 62% of the maximum stimulator output. The average peak-to-peak
TA MEP in the upright posture from all subjects was
0.122 + 0.025 mV. At that intensity, the MEP responses in this
posture were detectable in nine of 13 subjects in the RF, six in the BF
and 10 in the Sol. The average peak-to-peak MEPs of upright standing
were 0.104 + 0.031 mV in the RF, 0.034 + 0.007 mV in the BF and
0.091 + 0.030 mV in the Sol.

Figure 3 shows the mean TMS-evoked MEP responses, BGAs and
ankle joint angle during ground and air stepping in all subjects. The
mean ankle joint angle during the six step phases remained unchanged
in both stepping conditions because of the fixation by the ankle foot
orthosis. In the RF, BF and TA muscles, there were no visible BGAs in
both stepping conditions. The two-way ANOVA [task (two stepping
conditions) x phase (six different phases)] tests showed no significant
effects of task, phase and task x phase interaction in the BGAs of
each muscle. In the Sol muscle, the small EMG activation was induced
at the stance phase of ground stepping but the BGAs in the Sol showed

Passive stepping

By hob g

— Ground stepping

Sol

— Air stepping

01mv

Ankle
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FiG. 2. Typical examples of averaged MEPs in the RE, BF, Sol and TA muscles during upright standing and in each of the six phases during two different passive
stepping conditions, and time-courses of the hip and ankle joint angles during stepping in a single subject. The schematic illustrations indicate the right lower limb
with the orthosis at six stepping phases. Each MEP trace at each phase is an average of more than six stimuli. The TMS intensity was 41% of the maximal stimulator

output.
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FiG. 3. Averages of the peak amplitude of the TMS-evoked MEPs, EMG BGAs and ankle joint angle recorded at six different phases during ground and air
stepping. These values were recorded from four muscles in the right leg. Each plot represents the mean (+SEM) value across all subjects. Significant difference
between the values during ground and air stepping (¥**P < 0.01). The dashed line indicates the MEP amiplitude in the TA at upright standing with 40% body weight

unloading.

no significant effect for task, phase and task X phase interaction.
The MEPs in the Sol muscle showed significant effects of task
(F1,12=9.68, P=0.009), phase (Fsg =7.50, P=0.005)  and
task x phase interaction (Fs o = 4.64, P = 0.02). The one-way ANO-
VA test indicated that phase difference was significant in the case of
ground stepping (Fsgo = 10.39, P = 0.002) but not in the case of air
stepping (Fsgo = 2.97, P= 0.07). During ground stepping, the Sol
MEP at the late-stance phase was significantly larger than that at the
other step phases (P < 0.05). There was a significant increase of the
MEP amplitude at the late-stance phase during ground stepping
compared with air stepping (P < 0.01). For the TA MEPs, the ANOVA
test indicated that the task difference was significant (Fy j» = 12.59,
P = 0.004) but the main effect of phase was not significant (Fs g =
2.29, P=0.10). The MEPs in the TA muscle revealed a significant
interaction with task X phase (F5¢p = 3.84, P = 0.03), suggesting that
the MEP facilitation pattern differed significantly between stepping
conditions (Fig. 3). In Fig. 3, the dashed line indicates the MEP
response in the TA during upright standing with 40% body weight

unloading. The TA MEPs in all phases of ground stepping were larger
than at upright standing. The MEPs at the early- and late-swing phases
as well as the early-stance phase were significantly different between
ground stepping and air stepping (P < 0.01). The results of one-way
ANoVA for the TA MEPs under each stepping condition revealed that
the phase difference was significant in the case of both stepping
conditions (ground and air stepping: Fs o = 2.88 and 3.88, P = 0.04
and 0.01). During ground stepping, the TA MEPs at the early-stance
phase were significantly larger than those at the late-stance and mid-
swing phases (P < 0.05). However, during air stepping, the TA MEPs
were significantly larger at the mid- and late-stance phases compared
with the late-swing phase (P < 0.05). The BF MEPs during passive
stepping, except in the mid-swing phase, were larger than at upright
standing. The increase of the BF MEPs was observed particularly
around the early-stance phase. Although the RF MEPs tended to
increase at the swing and early-stance phases in both stepping
conditions, the average MEPs in each phase in both stepping
conditions were smaller than those during upright standing.
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Moduiation pattern of the transcranial magnetic stimulation-
and transcranial electrical stimulation-evoked responses during
passive stepping .

As an additional experiment, we compared the modulation patterns
of TMS- and TES-evoked MEPs during both stepping conditions in
four subjects with a protocol similar to that of the main experiment,
As shown in Fig. 4A, the electrically induced MEPs had a latency
that was 1.5-2.0 ms shorter than the magnetically induced MEPs in

Ground stepping
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the condition where the MEP amplitudes by TMS and TES were
similar. Each MEP response during ground stepping and the mean
values of the MEPs at six phases of ground stepping for the same
subject as in Fig. 4A are shown in Fig. 4B and C, respectively.
Although RF MEPs were not evoked by TMS in this subject, the
modulation patterns of TES-evoked MEPs were similar to the TMS-
evoked MEPs in other muscles (Fig. 4B and C). In the TA, the MEP
facilitation was observed at the early-swing phase and at the swing-
stance transition, although differences in TMS- and TES-evoked
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F1G. 4. (A) Raw waveforms of the MEPs evoked by TMS and TES in a subject. Five traces of MEPs are superimposed from the instant of stimulation to 60 ms after
stimulation. Latencies evoked by TMS and TES are shown by the arrows. (B) MEP amplitude of the RF, BF, Sol and TA muscles evoked by TMS and TES during
ground stepping in the same subject as in A. (C) Averages of TMS- and TES-evoked MEP amplitudes in the RF, BF, Sol and TA muscles at six phases of ground

stepping in the same subject. Each plot represents mean (+SEM) value.
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