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Input-output relations of the spinal locomotor circuitry in humans
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Figure 1. Experimental setup of transvertebral magnetic stimulation. A: Schematic illustration of muscle-

controlled magnetic stimulation via an interface. Hand-muscle-controlled magnetic stimulation were delivered

over the lumbar vertebra. B: A two-legged suspension system. The participant was positioned on their legs

supported directly in the area of the shank and the leg placed on a brace attached to a horizontal board supported

by vertical ropes secured to hooks in the ceiling. The participants were instructed not to voluntarily intervene

with the movements induced by stimulations. C:Examples of walking-like behavior that was induced by

muscle-controlled stimulation. Induced leg movements were recorded by motion capture system (Right (1st

trace) and Left (2nd trace)). Magnetic stimulation (Spinal stim. on 3rd trace) was delivered to the lumbar

vertebra, at a constant intensity, with frequency proportional to EMG amplitude (4th trace). Black sinusoidal

trace in 3rd trace indicates fitting curve of instantaneous frequency of transvertebral magnetic stimulation.
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Figure 2. Effect of stimulus intensity on the induced leg movements in single participant (OY). A: Examples
of leg movements induced by transvertebral magnetic stimulation. From left to right, examples of induce
movements at the stimulus intensity of 20%, 30%, 40%, and 50% MSO. Stick pictures show induced behaviors

with transvertebral magnetic stimulation. Bottom traces were movements of right (blue) and left (red) toes and
spinal stimulation (black). Horizontal gray areas behind the toe trajectory lines represent the ranges between

+2 SD of toe movements calculated during the baseline period (2 seconds before stimulation). Red and blue

represent left foot and right foot, respectively.
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Figure 3. Effect of stimulus intensity on left-right leg coordination. A: Examples of cross-correlogram of toes

movements and stimulation patterns (Subject NU). B: From left to right, examples of single participant at the

stimulus intensity of 30%, 40%, 50%, and 60% MSO. Red and blue represent left foot and right foot,

respectively. Phase difference between left and right step cycles was estimated by the phase difference in the

peak coefficient of correlation. C: Effect of stimulus intensity on phase difference between left and right step

cycles. Each color represents data of each subject.
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Figure 4. Effect of stimulus intensity on step length. A: Measuring of step length. We measured maximum

distance between in forward and backward axis as step length. B: Effect of stimulus intensity (X axis) on step

length (Y axis). Seven individual participants were coded with as the same colors as those in Figure 3C. Circles

or crosses indicate walking- and hopping-behaviors induced by transvertebral magnetic stimulation.
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FHINTTREBHOBAKREZE AN TELE, K
NIRRTl B VR E B N R S,
IR A KRS EHEBITARIEBE RNFF RS ND
B BB ST, 2D AKRMFIE DR R, B
B~ — T DR HERRE KR LD, TRIZ
Ry TRGEB) EAITRGET N FE B TE, 21
ZNDOTEBN 275 T T D720 1T B 7 i) I 58
BB D, Ry FEREE) LA TRREE) 1T
FLIR DR AT = X L CERE) ST 5 A GEME 28
N3y Wil
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L. B% SR 0D e Skt ) 7 o) T 5

T S 2L 18 o i TR R, SR E
ORI OFHRHE TR A TEXHI91T->TH
0, AL CTH TR SN S & T D Magstim
# 8 MagstimRapid? 12X > TEHONTZHITEE
1 By OO 7 R8T 0 B O B I, otk S oo 4E
KB CRELSINIAIREE L RIRDZENE G T
BB TE5., K9 TCH W Magstim fEH8 o
MagstimRapid® CiX 3 X To # ik & T (Figure
3C) THAATHR E B 275 J& T&7-. Magstim £
@ MagstimRapid® (Z 90 mm DO B aA /L& 4k 5%
L& O RIERZLFE T 7005 100% MSO
W ORE RS 2R 1% 15.2 kTesla/s £ 20%THY,
HE->T 60% MSO & 70% MSO TIZZENLH 9.12
kTesla/s & 10.64 kTesla/s &72%. itk DA
e A T BRI, COM R A LR E
Z LT, &tk ORI 18 2 402 AU 008
B T AV AT R IE B O 75 8 12 B HE it
B 7R R S 2 R B I DN TELTHAD.
£, aANVDORDFRIeD 8 LFaA)L, H A=
A)v, a—raAf)VETORYS OEE L, 5 F A
W2 90 mm O AT R, oo
M OB, 4 ROHREAELRBRIC, &thoafr
TEAR Z LTI R B L2 SR> TRE R SN DHiE
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O ORHAEZITOZ AR TS,

2. Ry B U TR ER) LBAITRRER AL T DHF
T Ao R[] B

ARHFFENZIBUNT, NEBE ~D 72 201 58 BE D
8 HERE SRS K0, T893 B MWV RF IS I
Ry ZEREB N, & ORISR T RE B 2
IS, 2 O TR OHE R 72E 8) 23555 5%
INTe. ZOIHBRBATHRROERFIL, X301 X,
DI ESITTLEY THELILN, BHE)
WE RN HE LB 2H walk, trot, gallop &)
WERAFICHEREDLI LTI OENTND
(Hoyt and Taylor, 1981). A DOMICE B 5
SR AT T 2B TIR, R AV WVF T
walk (2720 /e 45 B 23 30 67 FB L2 B &, 3 BE A3 <72
DIz DFtrot, gallop A MR ABE2D.

EHITORIDSEE, HWENMEWIESITIT“ 1T

L0, WRBIZONETEERTHNEDLD
b, A OB TN F THY, ABF5ECTED
NiRoer Z7HEEENITE F OB ES CTiid
EORH L7200, R TELSTY Yy 735857
N —R— L RE B TIIEHWL NS,
ITRRE B LRy v 0V Rk E B A2 N B 2R B R
NHERTHL, EEHOTF ILNOIE NEICHEL
T AR T E BT 0D BT ~DOBIT N
SN, FHICEVHE BT B ToE B4
DRI NT=Z 8IS, MAHZENTEXHD TR
MEEZHND. 2D locomotion BERDE R ITE
¥ DI IR % P o 72 3 AR R (8] B 0 5% 3 K OV
JEARATITRE 3 D0 i, KM BB D38 33 8 K &<
BB LTWAIENHEIND. ThElE DL,
AW TR I HERE KO I ZD B R S io Ay
VU RGEBS OB, WEEhm o kil
MZBWTHLWELICAYE 7 ET 24 KT 5
HHEA R EOGFEZIZODNLTNDLDTIX
IRNINEE Z T,

8 HERE SR O Fm SC B IR I, R7EA 72,
ZDOVE AR 2OV AT b7 BRI S
HIVTWARU, Hll I = AL & 0 o> BLZE M 1
AR AN L 30 IR s & i) SRR A7 S 3 D B2 i 3R
HORTZR, WasOmW, FHEICA TS
RO MR R R, FHEN R AL, TR
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LUl A 2 3L 3 D RTR AR R DY, T b
KA EZVFE I SN TROGEB OFEK THLHZ
EMEBEZOLND. ZOIARTEI BNz T5E, £
AU D3R R e O R S O3E T LD RS I
k32 BB D& &R AL & R BE IR AE LT,
BB INDIEF DR EDEE ZDNLD. AWFFET
I, R HERE KORIIZ S S T o E
TR EE IR AFLCERL, ANTHELDE, K
VNI B T AR B VR TE B 23 2 S,
TR AP RS T2 TRREBN ICE L LT
(Figure 2, Figure 3). it >, AT EENIX*
NZENH 2 DT CHIEINTNDLTENRIES
ND. ZNHDOZENBHERETHIT, Ry T
EENCIE, JE T e — 7 O ICH D R
SR %t 3% BE A O AR 14 AR AR AR S 3B 5
L, T THRATRRIEB X B E O &/ W
BE AR AR [E] B S ZNE AN 5 LTV HD Tidewn
MEHELRIND. ZOENENDOF;F EH) O 7
DL ER OB BIEF 257 D2iE, I
L—a R ) ERBRIC DM R B EVE % DR
REFFHIZV.

ETNLVEM TCOFMIZEARTHLEL DR RN
DR FEIEE AL 55D fictive locomotion D3] 22
INBHZE (Kriellaars et al., 1994 ;Meehan et al.,
2012) R°FHL A~V TER M L 724K B8 TH IE &~
DOEZHRNE (Gerasimenko et al., 2003: Saigal
et al., 2004: Bathelemy et al., 2007) HAV NI K
J& 7% (Gurfinkel et al., 1998; Selionov et al.,
2009) RhLU Y FINICKDRMERE AN
(Forssberg et al., 1980) IZ LA ITHFH I TXD
ZEmh, BREICHRITEAER TR AAAT P
PEETDHEBEZLN TV, BB WY, F
B 48155 FB A~ oD I A 5 4% 7B SO LT 0 AR
ITHROBES DN TREOHHEICHERINL
(Dimitrijevic et al., 1998; Minassian et al., 2004)
EVOFE NG, RUFZE TRLO I TR HE R &
WMIZEVFERINTHITHRERIL, BFHEMRK
A LD FEAR TR RE R D OB AR AR R R &
LT, HDOWTHF AT B ERBIEELS
NIcZEicdpEZTINE R bhs.

— 5T, Ay RREB O IZ oW T,
PR B K & L LA O B R 2 5 L i v i 7
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S, ZRETOEY I
OWFZEIE, ITEN FRIIES BB O oAy e 7
FEE B O X H 72 [FI L A T A M N E < trot,
gallop LW FH CHEh< walk BAHV7203 0, WFIE
D FERIE walk THY, e’ 7B E B O 1 %
JFFAZDOWTUE, HEVBLR S E A TWRND DB
WRTHD. Restrepo & (Restrepo et al., 2011) 1%

A E ML 5% DF5 1 4y F EphAd 2 RBIET2 />y
TT IR ATIET VX OIS 7078 45 I 3[R AL AE
TEIKKRYE T RB NN, BITOLHIRES
e DA BIEB) 3B D22 8D, EphAd AR
TAT ma—arBELA MO HIEE) O KN Z
— R TARE W I
UL, ARBFIEOHE B E 13 B SLAT 3 F] e 72 i
WHEER F THY, EphAd RYOT 4T =a—ard
FIIZOVWTEBZEZXRITHREEITHD. WT
NI L, Ay THGEB O R AT =X A
DNWTIHENY R TCOMREWFFLIZNEZAT
HD.

PR LI O FEIR E LTI, RIS 7 e —>7
DIE FIZH 2 BE DO ARy 7R EE) %
AL TS AREMIC O W TR DL ETHD.
AW T, EAE 90 mm OHEaA L EH V-
728, NV FEZRIM T 5281225 ThAH. £
OFNAZEY, RO E T ITH D FHE kiR
K 72 & DA i R0 s 3 6867 oD it 7575 B 203 B L S R
DI -2 Z LT K il J 28 [F A7 A0 T 5 128 <

BT locomotion

Ry TRRIEE S5 SN DT Eb PR TE 0.

ZOZEREIDET HE, RIPERE IR AFL TR
B RREEN D, — B REFHERINLIENE
IO THD, AWFIEORE R T, I GRE
DELRHEBATHRIEB N FFE I INDLITR -T2
(Figure 3, Figure 4). L7=3>7C, Rl a1 /VE
TOMNAIZLLFHEREID IS, FHAITH
WANZ LD BRATHRIE R O BN ThHEHELZS
N6, BRENICHDRYE 7 EREE) 25 %%@FZD
A [E] B SFFTE L, EAUHRE 35 HE R S P L
VEREI SN D ZEARE T 5121 iTHﬁ@HﬁﬁiODﬁt
THE) R ER A R R RC ek L, 15 Bh & 3% 78

B OB H R MT TOMBERHLHLEE BN,

AR OMTTERRBEEL THE T2V,

e Rz emELE.
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3. B 72 T i E B O R W 2> O A 7 ) I R B
R

A R 2 HE SR U7 BR T, o o B L
WAL EE MR M ERFERIND. =
DORNTHIRE D EF I E-7T M OHR IR OH K
DR X, BEAE % % 5 18 B 1 0850 HE O B3 1Y
KT 57 CTdhb (Hoffmann, 1922). fit->T, A&
fF 9% C D5 6 3 B b ) PR B IR A L TR &L
LT TV A ZEOR R TIE, W T
I TN O s RARME 226 Zx 72 F ik O A 8y 7Y 70 38

O REXL, FIE R EICRKELE — R0 Z 4k
i%ﬂz%ﬁ%?'ﬁf‘ IBWOENLoT. FORIFEL

, RN OFRE D EFIZfE, Ay TRk
@%ﬁ%éﬂzﬁ“éﬁﬂﬁlﬁlE%k#ﬁ?ﬂ%@@a%iﬁh“
20 R B B A3 [E BRI BB S 4L, ZATED BV
ﬂﬁ:mb/\b\ HOVITAEWEMEILEIZ LMD

, il B ISR R TE B oD K& SN 9 LR
ﬁb&ummi&u%%%i%hé £z, A EO
TR B O P L, RITOR B s m <R Dok
T, i A a R AT BRI DT T, T E
MCTORBENTERNoT-. Z ORI PL R E O
PHO/NSENEEIOFERICEELLEILLE D
na.

4.8 NZEIZ2NT

AR =R F AR SR PR 70 BRI, 8N ZE
EIRETEm T ODIXEERIETHD. KAFED
it D, B HE R RN Lo THATRRE B
ik R CEDLRIPL IR I, 30-70% MSO LfE A
ZEDPBLONT. ZHUSIE, R, A, B R
%, EE RGNS B O N 224 A H T A
REMEDN B 2 HiD. AWFFECTIX, #EF A 5
THE— L7220, ROV TIES % O %
A5, IS OW T, BB 1L 22-46 7% T,
24 7% 22 LRI E O IR W BRE ClXdb o723, T
AT ORI TR HE R ORI M*ﬁ%‘”
Bha B3 CE. E, BIMUL R I3
DIEEZEFFOFEDNRNZEND, 4 E@Eiﬁ%@
FHNTHNE, BITEER T2 BT X
DODAREDOAFEMITIEWEEZLND. — 5T, &
] DA 22 55k G2 L 72 o TUNRNE i D AT HE RE
AREFES O SRMEICH > TERY, ZhRFE
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BEASAT X OB BE R 2T K 355 O E DT
DONTE, A% OMFRETHD. & KA R
WZOWTIE, HROERIZIOHEFTORINE]
HIEMBRZONDH, KWL TIL, HEB M A [F
EL, ZZICHIEaAnEY THIEICE-TC, #
B T O RN AL & — L, B IS LD 18 55 T
BRI PERRTHIDICELE L. RE O ZERICK
% i R RSO IR M LR DR A E B R AL DT
EMB DI, THUCEIVFMERNH T r—T LD
PREES P BR S TR, ZRNME N EEE A
HLUZ A REME DD, L LR D, 4 | O# 5k
FTORLEENES, HRNE- K TTERZWE
HELR SN AR BR A (F& f4, Figure 3C & Figure 4B)
DMt OB B & b U C e b AR O B TR
ITHRIEBZFH B CEIEEND, Vo E
BN I DB WA N Z AR E A LT85 212K
W AEIZINL7- R E 1T R R ISR E O E
&)« AR — VLTS5 TR WE ThoT-. UL
IRIN5, LLRT O BRI O W TIANZE Tl
AL TELT, HERBRICIDTHMEICL L%
BIZOWTHAEE O EET 5.

5. ¥

L b, AR FE TIIme B HE R ORI K0 24T
KEIE BN 2 75 58 957200 (S0 B 7 i) I 5 5 A A
L7, ZORER, WEREA IR AY & U 7o % 35 HEd S<URI
Wz kY, W AR ALA TEI K ARy 7O
B, E AR CEISRITIRIES), EH5
B ETERWER O 3FEENF RSN, &
AT BR E B 2355 J6 S AU I B398 B2 120X, 30-70%
MSO &l A ZEDNB L=, BATEEEB) 2 75 5
T D72 B 7R R VAR B U Rk i )
DORIFEFRE LV Em W ENHALNERST-. ZD
JOUT, ENENOEBZFHE I T DD E R
I BR E N RIR DT EMD, Ry 7R EE) L
ITRRIE BN T R 58 A = X L CTERE 41TV
LIENREBINTZ. S EIDOLIC, BRI HER K
FPE L — 2> AT ORI L0 ER 0 5 B 38 KOV
B — B E R TEDLH LW L THY,
R OF RN AR A KO FIEEL TS
BOFHLWH RLAEBFRFCELHDOTHD. Fiz, #%
HFHEB R RNSIXIER M IZ, B E AT TALR
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DA 7 EE AT RRE E) O L7 M
FERE A Y N Z — U B AR TE DT LND,
ITHRE IR F 28 o R i 2 O B G B A,
JIbd R ZE B, N —F Y R BT TR L
WINEYT —2a il bl e M L.
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