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Research on the Neural Control Mechanism in
Sudden Stopping of a Motor Response
Kentaro YAMANAKA

The ability to stop a planned motor response is an important control mechanism that
allows appropriate behavior to suddenly changes in response to context and environment.
Here, I review our research into neural control mechanisms in relation to the sudden
stopping of a motor response. First, by a psychophysical method with a stop-signal task
paradigm, in which subjects were occasionally required to stop a planned motor response,
the processing time for sudden stopping of a motor response (stop-signal reaction time:
SSRT) was estimated to be about 200 ms. Second, an experiment using transcranial
magnetic stimulation (TMS) demonstrated that the corticospinal system, which is the
main output pathway of voluntary motor command, was strongly suppressed
approximately 200 ms after the stop-signal was presented, suggesting an existence of
internal inhibitory control. Finally, in an electroencephalograpic (EEG) study, a distinct
negative component of an event-related potential (ERP) was observed around 200 ms
after the stop-signal onset over the right frontal cortex, which is thought to be an
inhibitory center. All of the above demonstrate that it takes about 200 ms to suddenly
stop a motor response, during which the right frontal cortex is activated and the motor

output pathway is suppressed.
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Lo T AERE I, StopaliTTld, M9 LI RTEILITHKIIT 201 TEW GEREEE
SETHR60%) ZEE, Lo UDIEATBOVI, FIRICERII LS5/ x—0 RicpkZ2/Rd “Stop!”
M, BElETtExdFics )y 7 L TlLE -6 /N—0D FIT “false alarm” GENIR) DER/REZD X LI
25, 230 0.5 PHERE NI, KITTRED N —HME I LREICE D 2R3 50% T, Stop
AITTo 10 B D ST bR & L e, GoikfTh Stop ikiTh>, B XU Stop ikiTTd ST DIEE 1
PCH5 v & 2 ItiRE LT, siTHIBIE 3WTh - 7o #E I 20 fToME Y v a v 21T
WEREEICIEN 2, T D%, S0ITOFER Ly v a vEAMROK L, REBREDER LY ¥ a2 v
TORITHIZ AR T, GoiflfiT 100, Stop #lfT 100 (10 BMED ST % 10) Th - 72,

FEE 1 OEROF LOEKZITRT, GoifTicBWT =Y 2% 7Y v 7 Lcki CIF, RISKH
(response time: RT)) 34 —4 v FMRAA 0 &9 5 & 32.3517.2ms CEYESD, IFRIL) TH - 72,
3D ARBEWHRENETED GoiMfTICBI L RTOERX N5 LATH B, —J, StopakiTic®
\J % IEMEER (Stop BIIHER) (321K T 55.8% Tdh -7 X3 @ Bl 2WERE /) £ & ¥ 72 Stop AIEMR
AITORTOER NS LTHD, Stop idfTICHB I B IR (FE+ESD) %2 10 BefED ST T &R
L7cbDBX3DCTHb, STAH—250ms D & Z LT 100% 12 » (35 98.8%) A%, —200 m
T3 86.7%, —150ms T2 33.3% LK FL, —100ms 2785 &b T 4.2% Th -7, KIT, B
HTED 10 BRED ST T& 0 Stop alfTicB I 2 IEM#EN, 5, ST %2 x, EEry LT, UTFO
7 EA RIS/ FEE TR O XSCEET 2EM a, bEKDT,
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a3y 7 A FOMEICBIET 2ET, bI3IEMED 50% 12755 ST B0%ST) 2RI EHTDH %,
bHEWEREDOHZX 3 D DIT/RT, TOHFETHERML 72 50%ST (& —164.9715.0ms TH -7z, C
D 50%ST (& GoskfTIcB 1 2 RTIck » TAA SN, FIAIEE GoaliTd RT 22 AKMICH T3 &,
Smeﬂ%§E<ﬂ%L@Umi@BKD®TSWSTi$é<(&4%xuk%<)@@ Go ikfT
O RT % 2KIITE S ENIE, Stop DHIMAESRZTENTEXEDTHRST FAEL (wA4F2
WWNEL) BBEBDTH >, TN A SSRT 1F 50%ST Dot ic Go iliTD 4 RT 2 INE 1
FkH o, TORERIF197.2512.0ms TH - 720

FE 1 OFERP SFE—IT, GoifTTORT 7Y =47 v XD LEITDLENTHHRL TWiIcDN
bhbo AMEERL GokiTE 44 3 v /&bt & L7 Stop-signal 2REEA L 72561 THF%EY T 6
FEIREDEPPHRESNTBY, 7 v & LAIKBASNT Stop ikfTOET, #HERIES LTHHLT
WITE =7y FPOEBNTZ Y v 7 LTLED LD TH S, HRIGERHEDBENEL TOLT LA
EEIL 2D o 7 EMEDSER SN S T TOEN (electro-mechanical delay: EMD) D2 L % 2
SN 5H, COREIIER?2 TRHTHRT 5 LT %,
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747



A 500 GoRT C Stop %correct

450
400
350
300
250
200
150
100

80%

60%

40%

20%

L

o
I3

1 | s | 0%
—100 -5 0 5 100 150 200
(ms)
B 500 - (n) Stop RT D
450 - (false alarm) 100%
400 -
350 |- 80%
300 - o
250 |- ,
i 50%f——===--------Nc--------~-
40% 1
150 |- |
I
100 - 20% |
50 !
0 1 1 1 1 1 1 0% 1 1 1 1 1 1 ! 1 1
—100 -5 0 5 100 150 200 —250 —200 b —150 —100
(ms) (ms)

B3 EE1DOHER A. GoilfroILEE B. Stop ilfT DFSIEOSULKE  C. Stop
AT Stop HIHERFELA T E DIEME D. SSRT Hih (¢ 2 TiEHb) DF

F=UT, ST Cxtd % Stop adfTOIEMERDZEA(LE Go adfTD I RT » 63k 72 SSRT 1349 0.2 7
(197.2+12.0ms) Tdh -712o THEE L OEFFHEL DD LHEP L ETh > 700 T, 50%ST O
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CEDELLEEMTEN) ERMLTKEL B >TWE—F, SSRT DI 6> X BEfEE 214
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FER 1 TIRERMIC, BEE220CEIRT 5 2 EICBT A2 EHRLEI 0@ A € 7 KA O THEE L,
ZOMRAEKMTH B SSRT ZHH Lz, LHL, TOBENSEERICE NOFE (Bbich) NTED

HIIHEH LTV 2D %o 5icid, FERICk M DERESZERL TALUEDND 5,

KB 2. EMBFEERCFLTISLZOREFHEENZEREUIMAEZRANTHANDS

AL THES EEDO L S 12, HEOHWNCH S EEERIC X 0ITOBfE2MEER) & VWS, MiEES)
T, HRZIES 56045 GEEED) MM THER SN S &, TN IEEEIKE (motor cortex) @
—GEENE > & FE RS (corticospinal tract) % N7 L CHHE (spmal cord) IT®E D, =
HEHHEE (motor nerve) “MuEI NAIRWICERET 5 (K4, MHRERICHAEDO L WRELKADE
é,%%ﬁ%@i%fﬁ;%2mm@,E%Tﬁ;%3mm”f%%o:@ﬁ%@ﬁw&trf%m
FIELTVT, ThOAFEEBEOEFICEH N T LN TZXEDTH %,
C DRI BN SR (transcranial magnetic stimulation: TMS) 12 & © JEEEER I L T
B EHTERY, Thid, o8 FHO I VD EEE, 31 W ICHRRIN IS KB A
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H2bD0TH D, BIHRBIHEEFOHELZ T VY, HEBO Lo EHERERERTERD T
&L U TR O TR IS BIFNIC B S TV B, TMS 285 Lo S EE RE IS L TiTo & BfF
BERALDNICHINGAF R T 5 &N TE b, TOHINHEAZAEX (electromyogram: EMG) & L
Tidg L7 & 024 TR ENL (motor evoked potential: MEP) &R (M 4),

ffoRiElbEd 5 L x, COMBEEHOHNIRIKICRBED LS WA ADPEL TV EDTHS D
o EER 2 TIE, Stop-signal SREZXITHICHEA S A4 3 v 7T TMS 217\, 20 v 273 54HFA
ZIRDOHWICA U5 MEP OZAt» 5, b b REFeciEild 2 & SITEHEETRBPED L S 78
BT TV B EH~NDE T LEHb T,

BT, FANCRIEESC/EIRA 1LY B E, khk34, 2111425 Th - 1o, FEBi
i - Fhe B L CEREERFRFEAE AR W TREEZBERORKBEZZ T 72, Stop-
signal #HEIFFEE 1 LBREFE L TH 7D T, HEHROAZL NIRRT, B—ICAERTIE, Stop
WESER L, 22> Stop IIiERDE W ST & LT, ST=—200ms @ Stop ikfTiZH VT TMS %
19522 TFHME L, L LEE ST 3WERE D/ N7 4 —< Y REE A 5[l & 5 729,
Stop #fTD 5 5 6/8 2 ST=—-200ms & L, D 1/8 9 25% —250ms & —150ms 1T L7, & IT,
TMS #E oM h» 5 THEZE 6 IcERE L, EMG 3#HBRE LT OHE—TMEMA (first
dorsal interosseous: FDI) (ZHhiff L 7c Ag/AgCl KM, HEH L 7o, BH L7 EMG 55, A
K7 v 7 (AB-621B, HASLE) 1T & D HEilE L bandpass 7 « V% (16—3000 Hz) Z»>) 7%, TMS *
DA FIEEIR N ) & E BT A-D A (sampling 2000 Hz) L CF — % % PCIT#fF L 72 TMS
121 Magstim 200 (Magstim Co., Ltd.) @ 8 FHl a4 WA Wi, AEEEE Lic 8 FR a4 vAg
A BT, FEEIT TMS 2TV HEAS4HT FDLIC MEP 2R T& 2 BN AEL, £2ica
ANVEBERT — & &8y FTREE LI, RIT, TMS ORIBTRE 225 2 7555 & MEP 5B il
(motor threshold: MT) ZHRiE L 7z CGEEORATRE D 50.024.5%), iR XiTH O TMS 58 13 1.2 MT
& L7z TMS I3 Go #iTH & U Stop (ST=-200ms) FITICEBWT, & =4 b FEEE A& g
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—200, —150, —100, —50, 0ms DWFNH»r T, 1&fTIc>X 1 [ FIT- 70, SRR TO TMS % 5
AT 2TV, TMSLODOITE 7 v ¥ AICiREE . Y7 4 —= Y 2OFHEICH V), TMSITLD
FErE EBEXLIZ ) v IR TERY, HE0VIEFE-TI7 ) v 7 LTLESAREMEDRH L L %D
SHhUHHREICREATEVL (FhwA, TMS S 0RTO7 + —< v 2@3MbHEV), T 5D
D38 - 721, 16 RITOFE Ly v a v (TMS L) ZTViEICEN ., KiT, £80iThr oK%
DHEE Yy v a vET- T, BATRONTIL, GoikiTh 40 T, 55 TMS & 0 A3 5 1T X5 Rk =
25, TMS 2 L7315, Tdh -7, StopadiTd 40 T, ST=—-200ms IZBWVT TMS & 0 28 5 51T X5
R =25, TMS 72 LA35, ST=—-250ms & —150ms (F TMS 72 L TZNZN 5, Th -7, KK
T, #FSNI MEP OkiE% peak-to-peak THEH L, SulaE CRIMEE &I L7, ST
=—200ms @ Stop adfTIZHB W T, TMS I —200ms & 13, Stop FIEE RIS TMS %217 - 72
CEEERT 5, TORHTIE GoidfTE StopilfTTREALEEVWELBVWEEZZ 6N B, TMS
5 —200 ms @ & & ® MEP kiE % baseline & L THE#E(L L7z, £ LT Go ikfT8 & U Stop ikfT%
NZNCBWT, KefulfdicflE > MEP RIEOZE A %30T L,

FEE 2 OFERDOE E AKX 5 ITRT, GoalfT (TMS L) 1281 % RT 13 40.529.8 ms T, EMG
onset (3 —22.3%£13.Tms Th -7, K5D A B EST LD GoakiT (TMSH L) ITBIF 5
RT BXLU EMG onset D X b 75 A TH B, —/, Stopalft (TMS7# L) ITET 5 3 ERED ST
TEDIEMREIK S D BIZ/RLTHY, ST 2A—250, —200, —150 ms TZ N T4 97.0, 77.7, 34.8%
Thot, INHIE, FEb 1 OFEREIZIZE U TH - 72 (two sample t-test ITE D HEEE L), RIT,
Go X178 & O Stop ikfT (ST=—-200ms) 1T F 5, TMS Hiiic & 2 MEP OZR @ A 15 7] &
3®D Clt/R L7, GoikfT - Stop kT (ST=—-200ms) & &1z, TMS Hifi—200ms & L T
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—100ms TEECE2ICREL LS, DR, GoidfTTREHITREL LB —HT, StopidfT
(ST=-200ms) TRABIT/NELBY, O0ms (F =4 » PEERLS TR —200ms L /NS 8- 7,
3DD EeWiaE st Ldic TMS FFficfE > MEP IRIEOE R 2R LIcbDTH 5, GoilfT -
Stop #lfT & bic TMS FfIc L 2 G EBZENHZE S L7z (Friedman test), © T, 2 TMS Hiid
12250V T—200ms & DEFRAZHEE L 72 (Wilcoxon signed-rank test, Bonferroni ®ffiiEdH »), T Dk
B, GoilfTTld—100, —50, 0ms THEIZKEL, —F, StopidfTTIF—100ms THEIZTKZ W
A 0ms TRERI/NS VT EpfERs i,

TMS DR A2 MG 2 HiIC Stop-signal iffED /X7 x —< v 252 MER LcE T A, FHial 1313
FLTH-7 TIE, TMS EBRODO 720 DX T OHEDIRIEDP TMS T D b 0 DM XITICEZ 5
HEBREIEALETRVWIEAERL TV, THbL, EiR1 &[EHOERMEEED, Fi 2 OHEER
THORBREICB VW TOIFAEL TV LRI,

i, FEER 2 TIE EMG Z2528 L TW0W/c DT, GoikfT (TMS# L) I8V T EMG onset % #J-
ok A, RT X0K60msEiTLy —4 v b XORNCHHGEEIDHEI N TWE T EDbh T, T
HFEERT Go adfTOAHM AT -7 ECART I 0ICEDE, EMG onset 3RV S HICZIhb
#160ms EITL TV, T7bE, Stop-signal iRHICE T2 RT D ¥ =7 v b 50ENIE, #EER
EOFEEBIEE S — 7y MCADELEIELENSTH S, EVIHHREESNS, O LAE b
(d, BAKIIIEFER (CoBAR~YYRD2Y v 2) 25—y FTEDLE L XD ICEEEITH D TH %,

RICAEES 5> NE TMS 12k » THF FDLIC#HEF L7 MEP IRIEOZERIC OV TOHMRTDH %,
Go/NoGo #1012 %5 X O Stop-signal 3> thic[d#fic TMS %17 - 7 5EfTHETH, Go iiT
TIIRIGEAEHT 100 ms FEE > & MEP 258K L, NoGo & L < (& Stop a7 Tl Go RIEMWHEL %
(39T h - Kl ic MEP fRigDED S 5, EHMELTHO, AFEOREREBENSICL S —HL
bDTH -1, TR, —EDORIEEIT->TVRICbb O, FERITHORIRIESELZ 5 &
MEP fRIENZALT 2 DI TH A D0, BRPS5EFAE, TN ORETORIH L AL (B
L ORNHD M 28888 O, RIFICHTAIED LT X (Licdd) ZRMLTWEEZEZ LT &N
T&E 5, abflicid, (1) BEERE O RE AR ~RZ M1 & 2 #iAfmlao g% L, (2)
B O E BN O B D2 L, DOMiEOEEORME LT MEP IRIEOEENEL TS &S
Nb, TNWA I TR, RETBEOBEN: (corticospinal excitability) & KB4 3, #7201, —ik
IFRE D/ NS S CIEIARMEHERO N OB I3 NS S REDOHENRKREVEINTED, TAWAR
FErTH O MEPEAERIBbIC (1) OBELBRTE 5,

THROLER 2 OFEREMRGT 2 ELINDO L 51T 5, HBIH TR T d 2 BB Ao B (3,
Go slfTIT BV TRIEEDBIB S N BRI 4 1T ER L GEBE S H I O 70 O BEfIRESEZ S h
TW< o —J Stop adfTT &P & TREREORME AW 2 23, B 2 Wi rl < BB HEIC 5RO IE]AE
LELEMES 2NN 4 %, TOFER, s n/aEBH 2 HRNIcizZ ong By, BfERAL
B85, —fic, FfEZIED 2 E0S &, RN bEEREZ s wD T, ToFEELE
HOoMmIcd 22 EBEELYL, LALIDTMSICL S MEP OEREZFND E WS FEICLD, L
IH OBIESEIR (BbIch) NTactive T/EFILTVEZEEAGHICT A ENTELLEFTA L
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KBk 3. EMDEMEERICELET D LEDOREETZERBEEBMNOAND

FhR 2 Tld, BfEE2ucEIRT 5 & T, D & &EEES O HITREEKITEOIHID 0 > TV
52 %R LI, TIRTOME (£7V ED Stop #f2) (ZE CICHEKRT 20 TH A Do WEATID
SRR - KW U TES O N E 2 N T OREIILILEFRE 3, FERIRIEAHLESGHZ 0,

P, O XD BIMATERLHELER Z @A HEERO & » TR CEDMHERICE - TE, 1
SIRIREL, MNOMREEENZ 0 & D &2EA (W) 2bE L Tidékd 2 FiE s, EEHORER &
LTHL AIMRE L 2L T 2 TR T 5N 5, Aid ORER DN (electroencephalogram: EEG)
T, %EDOREMDFERENI AILE I (functional magnetic resonance imaging: fMRD) T&H %5, —
RS FR R G I, BEREMBGEICEN TSNS, SSRT 203 H 0.2 IR E W
HTEAEEZLE, TITREEGZHOVT [Wo ] [EDHT] U Z0EFNDENHEL
lFETHEEEZEZONDE (bBAA, IMRIZMOVT [ECT) 2MEICHTHNDE L EETH 50,

EEG & 38AZE RICEMmZ G35 L5l 0 2 ME5 /s EM A LT, BBk N d 2 A O g
HOBEMNDOZLOBRIMZEZNMT 2 6D EEZ SN, WHREET bk~ BRI IE a1 5,
Z @ EEG » SIS RGBT EDFRICBIR L ciGB 2l d 5 & 3 —ikic, [ UCHEREZHKI0IX
L CTEEG %Zidix L, HRERMEICL TMBEFET 5, ZOBIEICEK - THR LK 2 W EHT
B EF v v evSh, FRICBET 2HEOA (HEICS 218, FRIBIM L CRITRHTRiib A6 -
L) ZWMOMTENTELESNE, &5 LCEILAEEEERBHEEN (event-
related potential: ERP) & W95 (K6 Dfi), Fhi 3 T, Stop-signal XD EEG OFlEkN 5
FHH L/ ERP ZHWT, b rDEfEZRICFIET 5 & DG~ 2 C & ZlA T,

WhRE L, FHRNCRIBEEZGS B SRA 8 (P64, Zth24#, 2581561 THh -7, KK
i - Fhe =B L CEEEARFRFREAT F RN B W TRBER B2 ORKREZ T 7o, #ERE IR
L 72 Stop-signal I3 EER 1 & 1321ZE U TH - 7245, EEG OMETEIC & - T ERP 254 5 C
ExFEHBHEME Lictd, StopakiT T ST & —250, —200, —150, —100 ms @ 4 B 4
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