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CHAPTER NINETEERN

MOTOR PREPARATION

C.H. M. BRUNIA & G, J. M. VAN BOXTEL

Prologue

OVERVIEW

Moter prepararion is part of anticiparary behavier, [t
I5 an expression of vhange in the srate of the orEan-
Ismaimed ar a better adapraion e expected chunges i
rhe environment upon which an adequare response must
b wiven.  The serming of che organism implies hoch the
percepruoal inpur and the morar vurpit, Tn chis chaprer
we will argue chae i s impossible m excosively discuss
mntor processes wichour wking into aceount the related
percepoion, Alter all, much of aur behavier s trigpered by
charges 1 our eaviranment, which must therefore he mon-
swered cominuonsly, From the wvailable inlvrmatian in our
stvironment, the relevant pare has o be selected and pra-
cessed furrher Jn order o provide an appropriate action,

HISTORICAL BACKGROUND

Inlurmarinn processing takes rime becanse it i hased
upon physical processes in the central nervaus syscem, For
s this is so obvious char r s hard to linagine thay che
besr-knowg physiologist of the first hall of the nineteenrh
wiak convineed that the time
meeded for an wxerred nerve produce 4 musele contiuc-
L was stantancous, of the urder of the speed ol Hghr
Bunders 1868/1969), Sensory and moror nerves were con-
silered different byt passive channels for che anjng] SPHrITs
sinee the davs of Galen, Bell (1811) wnd Mapgendie (1822
disvovered thar the sensury fibers enrered the spinal cord
“Ia the darsal roots, whersas the motar Gibers lefr it via
the ventral roars, This became che basis for a distinerion
helween sensory and motor pracesses - herween sensarion
uid muvenen, (Boring 19300 In conrrasr ra e opinion of
Miiller, his pupil Hehinholez demonserated in 1850 ehar the

sentney, Johanoes Miiller,

canduction velocty of a otor nepve i the frog was of he
ouder of 4 hundred feet per second (Danders 186819691, [n
uther words, processes preceding the activation of 4 musele
had hecome measurable. The mingres uf 3 meeting of tle
Pritch Boval Academy of Arrs and Scicnces i 1863 men-
tion thar Donders presenced experiments (ol hiz sroden: de
Jaager and himself) sbour messuring rhe speed ol meneal
processes. home years larer, he wrate his frsr publicating,
entitled “Cin he speed ol hMental Processes™ which also
appeared in 4 French and Germag rranslation {Daooders
1868/1969). The kind of experiinents he performed Liseg e
kneawn ay “reacrion® EXPETIIETE, 3 tern cained by Exne
(TH73).

The basic idea was that infarmation processing s based
upon & niunber of constituent processes, such as “diverim-
inacion™ gr “chovice,” pach raking a circuinser bed Mot
of time, Donders disringuished between the well-knm
A= B and Covpe responses. The A-respanse was found
t @ simple reacrion e (RT) sk in which the sulyecr
had ta repear the stimulus word <k as yuickly as pogsi-
ble. In the Berask, five different stimulus words weT Uged,
vach of which had o be repeared as quickly us passible,
The Bresponse presumably included discriminarive ateen-
tun and a response chuice. In the Cerasle, onlv one uf che
five stimulus wards had ro be repeated; here o discriming.
oo wits neaded, bur na choice, Presuming chat che time
needed for a complicared mapanse was that of the simple
response plus thar of the additional central process, spb-
traction of A from B or O would provide the time peeded
for the higher process involved. Donders’ merhod was Sys-
tematically applied in Wundps labaratory [ Wund: 1895, Iy
becume elear thar rhe Corespanse implied a choice, roo
that s, between 1 Go and » Mue-Go response. Thuy che
D-response was added, which required two different re-
spomses for two different stimali | Wind; LBY3, ppr, 3R6-9),
The notion of “artention® ywas alse needed o explain

b T, Cagiappe, Lowds O Tassinary, and Lary G Nerntson (i, Hardbonh o f’ml’;opﬂ:}'.\'r#.l.ru__'z!.-, dnd ed i Camba ielge Uindversily Press 2000

Fransed o the Uniged Akates ol Ameeica, 15BN 62634%. All rights eserved,
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Lanpe [1888)
describe a dilference berween sensorial and wosoular reac

the experimental results; it was used by

s, [F arrenrion was dirccted (o a Fast response imsenlar
reacriont, then one had a sharoer RT than when attention
wae direcred toward analvzing the stimulos {sensory reacs
tiont. Alchouglh m later years the methud became mose
and mere cricicreed, w macked the emergenee af experi-
mental psychology lrom a physivlogical backprownd.

The reaction rime method hecame combined with 4 tech-
nique that stemmed from the philosophical background ol
psvcholopy — namely, introspection, | his was pr acticed sys-
rematically ar the Warzhurgee schoaol, Kiilpe contribured
by the mental chronometey by an jopoceant sruddy of -
manual BTs. He demonstrated the facilitation of the hand
oward which atention s directed, supporting the amen-
tiona) theory of BT (Bonng 1950). et lve seon came o
the conclusion rhar the subrraction method was not justi-
fied because it conld not be mamrained that, o different
experimental conditions, just one subprocess was changed.
Kiilpe explained the experimencal results of Lange (1988) by
a difference in predisposition, in what later became called
woroimnde.” A major ropic of the Wurzburger school was
chinking,
mechaod.
were broughet abour by asking his subjercrs o produce a

a function to be analyzed by the introspecave
Thus, Watt {1H4) investigated hews associations

supcrordinate lor a subordinate or a part for 2 whole, &
crucial canceptivn in this line af research became the A~
gabe, the insTruction gven 1o a subject to start a thinking
The instruction was supposed to cvoke un Lot
ag we would say (Bonng 1950, 5o

Pracess.

et

steflung — &
the concept of set — a prepatedness w cope with a fu
rure situation - originared from assaoaton psvchology,
It emerged From cxperiments in which subjeces observed
and analyzed their own behavior by syslematic crperinen-
el introspection. Another notion relovane for preparacion
i the determining tendency in the Formanon of Associi-
mons (Ahch TH1E) 1 ceveral assouiatons berween different
items arc ol equal scrength, the respunse a subject comes
ap with might be influenced by an carlier Asfiabe. 1f that
inscruction predetermines 3 subject so that even o weaker
ssociative rendeney 1s actvated instead of one that is nor-
mally scronger. then a determining tendency s pperating:
a lendency w respond.

In the nineteenth century, psychologists talked abouc
“arremion” when the effective tendency  waus fully  con-
scious and aboue
Both were supposed o influence pereeption and (rehaction.

rhat reaction time could ke dimin-

“uxpectanion” when rthis was less s,

It was even supgested
wehed (o zern iF expectation was optimal by always giving
o warning signal ar a fixed inteeval prior o the response
stimulus (Boring 1950, p. 713L Tuow fasr, as it happens,
since Helmholiz discovered that some time is needed for
an excited nerve Lo activate 4 musele. Yeu the nodon that
<ome Form of preparation woukl resulrin a {aster response
was in ling with the prevailing way ol thinking. It is inrer-
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esring to note that Kilpe supposed thar expootancy cFrecrs
UpAN pTEEpLIon Were bused upon spiries enrering the sen-
sury fibers from rthe senses Lo he larer ceflected o the
muscles, Tt was said, 0 other words, that antiaipatory bre-
havior was characterized by changes in Both e sensary
and the motor domain.

1t would ke some decennia before psvcholopsts woneld
try to measure the physiological changes undedying ano-
patory behavior, First the days ol introspecTion came fo an
entd, and belavorism toied 1o expel notans like auention
and conscivusness from the field of seientibc pevcholugy.
Siimulus and response became the crucial variahles, et
it wus clear that psyehology could not miss dattenbon,
arpituile, expecrancy, liypothesis, intention, vector, need,
perseveration, and preocoupation — all ol which were con
sidered to be related o oser (Gibson [941%,  Whar chess
notions had in common was the view of behavior as derer-
mincd by something other than the immediarcly preceding
sensory stimulation. “lt does nor deny the importance of
the immediaee stinmlis, it does deny that sensary atimula-
tion is everything in behavior™ (Hebb 1949, A e inberest
emerged in the “central process which seems relatvely inde-
pendent of alferent stimuli.” In the same year thar Hilgaed
and Marquis (1940) used chis characterization, Davis (194001
published his paper on ser and musenlar rensivn. These
first puychophysiological reanlrs showed o systematic in-
crease in eleceromyagraphic (EMG) activity in arm muscles
preceding a response stimulus,  Two decades larer, the
first direct recordings of anticipatary hrain aclivity otk
place. Walter and colleagues 1964y discovercd the contine
EENT Negalive Variarion, and Korohuber and Deccke (1965
discowercd the Dereitschafispotentral or readiness patential.
Syslematic antivipatary changes were demonstrared not
only in the electroencephalogram {ERGI. they proved o be
presen in the elecrrocardiogram (ECG) as well, The decel-
crarion in heart rate prior o the presentation of an imyper-
ative stimulus (Lacey & Lacey 1970, ropether with othe:
changes in AUTOIOINIE TERPOELS, 5L1§',1ji'.!'~tl::d that anncipa-
rory behavior 18 reflected in a pumber of responsy systems.

Phyaical Cnntnxlt

INTRODUCTION

Any study of overt behavior s based upon the mea-
surement of some form ol movement.  Movements are
cither tripgered by some kind ot exrernal stimuli or stun
from within the organism. 1t is plausible thar both types of
mavement originare from different brain areas {Passingham
1947}, However different the atigin, the movemenl irself
can only be brought about via the activation of the rel-
evant motoncurons in brainstem and spinal card. These
constitute the starting poant for the final common path
iSherringron 01947} lor all movements. The execurion
of a movement is based upon the contraction of muscles
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fullowmg an oxeilation af the relevane motoneurons that
'« sufficiently strong w make them fre. A classical opin
ion halds that the posterior part al the cercbral correx 1y
walved mopercepoion and the anmerior parc 0 oErcTy
Lura (9731 W will see later an that this dunnetion can-
qo e maistained, Ceetain oeurans in the posterior cortex
Fre onlv iF a movement is ta follow a somulus presentation,
and cells in the anterior cortex fire only after a preced-
fre enmulus presentation. This supggests thar, even lom a
functiomal anarcmcal poeant al yicw, iC s [ot always easy
o lefine an area ds atimulus-bound or response-hound.
e will fiurther see that the motor system is really o dis-
ribired syscem 0 which many cortical and sulcortical
aress of the cenmal nervous system parpcipate.

The final resule ol all information progessing 15 the ex
cenpiun of some movement. This caprer is anmed ar the
Jiscussion of motor preparation, that is, the progesses pre-
coding che wvpention of the movement in (UESTICHL. The
qution of preparation implics that there is at least prior
Lowledge about the necessiry o a response, althongh there
mipht be a remporal pncercainry and an event unLertaniy.
(i experimental circumsrances, anticipatury behavior starts
with the presentation af a warning stimulus, indicacing Lo
the subjects that — after a known ar unknown fime - 8
oimulus might be presented, which must he responded o
vid which might or might not ask for a choice berween
weveral sesponse altesnanves. Althenpgh molor preparation
ja aimed an the processes ar the end of this chain of s@ages,
1 bs alwavs accompanied by an anticiparory atlenfion T
atruction somuli and possilble cues that may or nlay not
b present and that may or may 0ok have Lehavioral signif-
wanee. In the acrual behavior ic is cather artificial To st

apan & SETIEL SEpAranivn letween anbeipatory  artention

sl prepararion of the mesponse. AREICIPAOrY ProCesss
pectme manifese in more cfficient hehavior, In laboratory
tieks, tlus all adds up to a shorrer reaction nme tlsan
wonld have been found withoue any antecedent knowlodge
nt the experimental siuation

[here are several ways to manipulace the subject’s
eepectiney of the pxperimental sitiation. They imvolve
cimmlus respanse compatibiicy, the number of stimulus—
respoise alternatives. or the relative frequency of stimulus
respenise alternatives (Heguin, Brencr, & Ring 1981, b
secraney can also be influenced by giving a cue 10 3 subsject
Ui widicates which ol several pussible alrernatives may b
pevded i Bosenbaum 19807, 1f chere is uncertainty abuout
woveral variubles 0 a movement ar the same rime [e.g., the
Jierance that must he bridged, the side at which the re-
riee st be made, the finger thar must be psedy, then
martnal advance information amelivrates the chance chat u
correct response will b nade carlier in nme than wirhout
o milveneiion (Roscnbaum 19485, Althongh the final re-
wilt 1o 1 shorer BT, this effeer hides a number of diflerent
mechanisms that might be responsible for i Ina srritly

whavinral analvsis it is cerrainly possble ro separate some
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af the underlying processes. ¥et chere implemeniation 0
Phie cerral nervous sySTEM peinains unknown, Psvchuphys-
inlagy can offer techniques chat can help wnravel chase
underdying mechanisms and suggest ther possible relarion
o ciccumscribed bram areus,

In the following rext we will see how psychophysie-
lapical variables such as evenr-related potentials (ERPSY e
ceflexes can be nsed 1w improve the ekavioral analysis
However helplul, rhe ERPs chemselves are an peneral a e
fection of cordeal actwity, since the BEG imself s, Fram
animal and clinical werds we know that anticipatary bk
ior cannot exhaunscively be described in rorms ot corrical
Rather, we knew that behavior in weneral (3
based upon the timely activation of a mumber of diflerent

PEOCESSES.

nenral struetores, many af which are subeortical, Yoo with
the excepiion of seme clinical studies, we are generally
unable o ivestigars clectrophyaielogical activity in sub-
cortical human brain areas. Bram imaging arudivs might
he helplul here, but animal studies are alse soll relevam, I
we accept that rhere are many commenalicivs between the
[unctoning of the human bramn and that of the maonkey,
this gap in our knowledpe can be partly hridged by the
study ol unir recordings in the ponhuman primate, In this
chaprer we will 1y tu underscand motar preparation as 4
part af anticipatory behavior, which itself can be deseribed
Tu appre-
ciate the relevance of rhe unit recordings in nonhuan
an impliat knowledge af the functional neu

frum structural and functional poinc of view,

Frnm.ltl.:ti,
roanatomy of anticipatorcy behavior is mandatory; henee
we will alse provide information abouwt the preswmned nei-
roanatomy of aulicipatory behavior,

HOW TO UNDERSTAND BEHAVIOR:
BOTTOM-UP OR TOP-DOWHN?

Tle most simple invaluntary movement is the reflex: an
innae ublimarory response upot an adeguate stimulus. A
refles can be elicited by a propriveepiv stimulus, as is the
cuse with the Achilles rendon reflex ot the knew jeck, ar by
an exteroceprive stmulus, us with the flexion reflex ar the
Wink reflex. The underlying wiring 18 Jdillerent: che pro-
princeptive refhex 1s e most siniple, hecawse it s larguly
monosynaptic the exterocephve refles is polysynaptie. The
Achilles rendon reflex and the knee jerk bave similar wiring
but at a different level of the spinal cord.
the csvential stimulus is the stretching ol the muscle by
the eap on the rendun. “This causes the inafusal fibers
ol the musche spndle to strerch as well, and this s the
very wigger for the la afferents ro send action potentials o

It both coses

the mutonenrons in the spinal cord. The b afferents ex-
cite the alpha-motoneurons via Lheir largely monasyiwptic
connection and cause these neurons fire, This resules in
the obligatory contraction of the rriceps surae muscles (in
the case of the Achilles rendon reflex) or the guadriceps
femarls musche fin the knee jerld,
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These retlexes are an example ol o segmental organed-
tion ol the mator svstem in the spinal cord: both the etlex
afferents and elferents arrive at or leave from che same level,
The reflex circuicry ieseli 15 under supraspinal coneral, borh
from the hramnstem and the cortical level, Efferent fihers
Lt brainsrem and coctex influence the state ol activiey of
the mowneuron paol, Thar s whar makes the rethes mod
ifiable and so enables i1s vse as a tool ro study responsy
preparation (Bonner, Beguin, & Semjen 1981 Brunia &
Boelhouwer 19851, If rhe Abers impinging upon the pool
arc inhibitary, then che membrane porential of the newurons
i the pool meves wway from the Aring threshold, Thus,
bewer elemenrs in the pool will be apt to fire of the ad-
eypuate stimulig 16 presenred and, consequently, the reflex
will show w smaller amphirnde, From the other side, il the
membrane porencial ol the matonenrons 18 moved nearer
to the rhreshold by an excitatory supraspinal influence,
then a larger number of them will Bre if e adequate stim-
alus is presented, and the amplicnde of the efles becooes
larger than in the absence of that mfuence. The latency
of the reflex remains constant; it is mainly determined by
the length of the muscle fibers involved in the reflex (g,
leg lenggh in the case of the Achilles rendon reflex).

Uhe exreroceptive rellexes, which are evoked by skin
stimulatien, are derermined by similar mechansms. How-
ever, their afferents do ot reach the agonist motonearons
directly but rather via interneurnns. Hence, the exterocep
rive reflexes are polvsynaptc, They are also aeganized ac
different levels of the spinal cord and the brainstem. In
concrast w the manosvnapric reflexes, there s a simulta-
neous activation of different muscles whose motonenrons
are ar different lovels of the spinal enrd. If one steps with
naked foor on a drawing pin, un bomediate Aexion of the
leg fullows. Now nenrons of different pools of flexar mus-
cles of the foot, the imb, and the hip are exuited, |va:;1.4_‘|ing
o a eoordinated movemens away from the soimulus. Exte-
coceptive reflexes are mostly defense responses.

The blink refex 5 a brainstem reflex, les ciromrey 18
more comples and is nor restricred o just oue level of
the heainscem. [1 s a polvsynapne reflex with a mulu
madal direct access for auditory, visual, and somarosensory
stimuli. This makes if an interesting ool lor studying ar-
rentional processes in different modalities {Dawson et al.
1997; Ciraham & Hackley 19913, The blink reflex is pan
ol a defensive response pattern lenown as the soarcle ne-
flex {Landis & Hunt 1939} it has terefore become also a
ton] for the study of emorional and motivational processes
ilang, Bradley, & Cuthbert 1990 Lang, Simons, 8 Bal-
aban 19973 Finally, motor preparation has heen studied
alse with the elecrrically evoked blink reflexes (Boelhouwer
1952: Brumas & Boclhouwer 1958).

Ihe very existence of reflexes supgested to Sherrington
{1906/ 19471 thar our complete behavior mighe be buile from
reflex cluains, The response in one cetlex might be the trig-
per for the neat, and soan. Thus, chams of reflexes are

BRUMIA & VAN BOXTEI

broughe aboue by leedback to che cenrral nervous system,
This is a clear example of 2 *bottam up™ arganization n
belavior, ure early in chis century it had already became
clear that deaffercntation does nor prevent che execution
of complicated mwvements, In 117, Lashley painted o the
hehaviar of a patient with a guoshot wound in his spinal
cord, The lesion caused a complete anaesthesia lor move-
ments ol the knee punrs Yer che parient was able to contol
the exeent wid speed of lexon and exrenson movements
of the knee like normal people [Lashles 1M7) Lashley
returned o rthar fAnding in a famous paper in which he
remarked that a comperent musician can play & series ol
keyscrokes at tates woo fast o allow feedback ro che cen-
rral nervons system (Lashley 1950, Although the detals of
that argument do nat seem o hold any longes, the tterest
it the “top-down™ arganization of the morer svstem was
borng with that, the response-chaining hyporhesis came oo
an end.

In Keeles (1968) notion of a motor prograot, the possi-
bility fur leedback ro correcr a sequence of movenmens 5
expliciely denied. He defined a morar program as “a ser of
muscle commands that are struclured before a movement
sequence begins, and that allows the entine sequence o be
carried vut uninfluenced by peripheral feedback™ (1963, p.
387, The specilication of respoanse paramerers like force,
durarion, and complexity must be implemented before the
mevement can be execured, Thus, it is nu surpeise char
the reaction time ta the first of a serics of esponses 1w
creases with the lenpth of the series even though thac first
mevement remains idengcal (Heney & Rogers 19600 Thas
result cannar be explained by peripheral contral lram pro-
privceptive feedback. Furcher aupporring evidence Tor the
cxistence of motor programs came from smdics inowhich
nonhuman primates, deprived from propriceeprive fed-
hack wia a neurosurgical intervention, were still able o
carry out skillfnl reaching movemenes {Taub & Derman
9681, A similar result was reported for humans [Forget &
Lamarre 19575, Although this underhines the imporonce
of eenrral processes for the iidative of an achon, we do
nat deny the sipnificance of feedback lor our behavior i
peneral, .

In a cognitive psychological approach of moter pepa-
ration, our poin of departure s the central organization
responsible for development of behavion, Most movements
serve a goal — for instance, kooping uee's cqubibrium,
bridging # distance in walking or running, plying a rol.
aiming ar a target in any kind of shoanng, handling a ball
in a pame, pointing, and grasping. In order to reach the
goal, some kind of perceprual control is necessary, b ir
visual, somatosensory, or auditory, So even if the plan o
address a specilic action is made and results in a serivs uf
walunrary movements, we should keep in mind that these
meovements must be carried out within the consteaints ol
the available environment, Thus, as soon as the plan i de-
veloped and translated inen the preparation and execubion
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of cormain movenents, the environmene plays s role. o
playing a well-known piece of music, vialss mighr close
thetr eyes; they know the music by heare. Purting the hity-
gers of their lett hand on the correcr place ou the string
happens under the control of the auditory and somutusen
sory feedhack: the sound, wouch, and vibration of the
string. We have seen carlier that playing music has been
an argument far Lashley (1930 in favor ol the existence
af motor programs,  Rasenbam (19500 observed that the
very existence of ancipatory effeces — both in behavioral
putput and in rhe concomitant {paycholphysaolomeal phe-
nOmiena — is A strong arpiment against the chaining theory
and in faver of the existence of mowr progroons. Ac-
cepting 4 top-down structure as rhe hasis for interpreting
behavior, we arpue again thay anticipation in our hehavior
determines not enly the ourpur of the svstem but alsa the
inpus — that is, both pecception and activ.

THE NEUROANATOMY OF ANTICIPATORY
BEHAVIOR

sator control 15 10 essence the contrel of the excitatory
and inbibitary influences impinging upon the morancuron
cell columus in the spinal cord. Onee these cells discharpe,
there is no way o stop the final response. The elterent
volley 1 rransmited along the mator fhers o the muscles,
resulting in some sorr of contraction. [0 conrrast toomany
situations i everyday life, this is oot what one aims ar
when preparing a response 1n A reaction time task. Here,
e final discharge must be produced ar the very mvnent
2 seimulus is presenred, Such experiments are in a certain
sense stace. The subgeer 15 sicting in a chair and wais upon
the arrival of wn imperanive snmulus, There s oot moch
posture concre] equiced, and rhe acovation of ouly some
musiles is needed for the vrucial dmely response, However
artificial this simatwon might Jook, the analwas af human
behavior under these crrenmstances has unplications for all
kinds of supervisory tasks 1 industrial settings. Trs eco-
logical validity can be doubred, however, in a numbe: of
uther situations. Maying tennis 15 of course a much more
dvnamic affair and invalves the active ussessment af one's
abilicy 0 answer a luture arrack. Boch posture and he-
pimring arm movements are based upen an csrimation of
the behavior af the appenent, Neither the spor where the
hall will arrive, nor che foree with which it will ke iz, are
known. Preparation implies here a setting ol posture and
movement nnder active visuomoror control and is much
more complicared than in the BT task. Alrthough dilfer
ent in many impartant ways, the laboratory and real-life
arpations hoth velve a canrdinated activation of 3 num-
her of different bramn aeeas, Canseguenty, the welevant
neurvanatomical seructures implicared in che orgunization
of a svstem of descending fibers to rhe motoncuren cell
columns in the spinal cord will now be discussed, albeir in

mtline form.
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W will firsr describe the peneral outline of rhe moor
system. Then we will report a number ol anatamical stroe-
tares in which, by any techmque, antvipatery phenomen
have been recorded. Mext we will discosy some aspects ol
the visnal sysrem in order o later discuss visuomotor con-
trol in anticipatory hehavior, Finally we will address the
role of the prefronral cortex i the executve contral of
anmicipatory behavior. Althangh onre main focus s on dis-
crete hand responses (such as key presses) m rthe conrtexe
ol RT expeniments, much of what lollows is applicable ro
other types of responses and movements as well.

Contractions ol muscles rake place afrer an efferent wol-
lev from the motoneurons to the muscles. The motonen-
o, its axon, and the muscle fibers mneevanad ave ragerher
Juedined a5 the soror wet. Therefore, one could consider
rhe mowneuron “peripheral”™ in rebstion to the rest of de
motar svarem. Holstege (1991) divides the motor system in
three parts (see Figure 1), The frst motor system is formed
by the interncuronal projections into the muonearons
tHolstege 1991, po 89Y; they are present in che spinal cond,
in the candal brainstem, and o between, The nenrons in-
volved receive informarion from the periphery {via afferent
fibers) and team the seeond and chird moetor sestem, The
second motor system sends its Ahers tooa limiced exoen Ji-
rectly 1o the motoneurons but largely o the inrerneurons
at the Arst system. |t has a medivlateral organizanion; thar
i, it can be divided e a medial and lateral part wich
different functions (Holstege 1991 Kuypers 19815 The me
dial parr originates from the brainstem and descends in
the ventral funiculus of the spinal cord o rermimare on
the interneurons of the medial mowoeuron column, Iros
invalved 1 eye and neck movements and inoaxal and pros
imal body movernents. The lareral pare descends from the
cortex and (to a lesser extent) from the red nocleus
the lateral morencoron cell colummn, From here, the dis-
tal body muscles are innervaed (Holstege 1991 Kuypers
19500, The third motar system has hardly any overlap with
the sccondary systenn, Here, too, 15 0 mediolateral divi-
sion of labor. The medial component ariginares fram the
wedial hypothalamus and mesencephalon and terminares
in the locus coerulens, the ventral part of the caudal pons,
and the medial tegmeatum, The Tarrer structures form the
final onrpur o the firse system, The lateral pare origi-
nates in the lareral hypothalamuos, the central noclens of
the ammypdala, and rhe hed nucleus ol the steia terminals
o termingte in the lateral tepmentom (Holsoepe 19910

The third system i a cather recent discovery, based upun
new tracer rechniques in neacoanatomy (1 lalstege 1991, T
is ulong this sysrem thar emotions enter the motor system.
This is an interesting example of “discovers™ ol a sysrem
whose existence was taken For granted by clinicians, whao
lnew rhar emotional nlluences plaved a rale in the motor
system withaur knowing the crucial pachways (Gelthorn &
Loolbourcow 19631, The medial part of the thind system
has a diffuse infuence on the spinal cord via descending
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Second system
(somatic component)

Lateral Medial Lateral
% ol
Bye- neck, spacitic
ax:al and proximal emoiignal
hedy movemants behaviars
independent

mavemenls af
the extramiigs ‘\. I

First system
{internaurons)

Motoneurons

Figure b Schemaric overview of the three subdivisions of the motor
SWSTCITL. HL"F[LE]EI_‘IJ with permisanm from Holseepe, ¥ Descending motor
pathways and che sprnal motar sescem, Lamilie ol o Bl cesnne
panents," in Dlolscege (B, Bale of the Larebram e Sersatian and
Bekasior (Progress in Brain Research, vol, 875 pp. 307-421. Copyrighe
1951 Elsevier Screnve.

fibers fromm the locus coecrolens and rthe raphe nucler ro
the morar nuclei and the dorsal home The medial part of
the third system s acovared in the expression ol emaotons
such us laughing o crymp; i has the effecr of lowering che
firing threshold of e mator nucler af the spinal cord so
thar their excitarion by libers fron the secondary system
15 Facilirared {Holstege 1991 The lateral part of che thind
mutar systenn projects o the lareral regmentum, where che
incerneurons vl the primary system are sitnared. These are
imvolved in rather automade functions such as respiratian,
vomiting, swallnwing, chewing, and licking.

Structures Invelved in Motor Preparation

W will stare with a deseriprion of relevane corrical
stevcrures,  The gorticalization of the human brain s so
impressive thar anc would be inclined 1o consider thar
the prerequisite for any copnitive behavior, This does nul
imply, however, that we consider hehavior o be exclu-
svely & manifestation ol cortical processes, Rarher, we are
comvinced of rhe importance of all kinds of subeartical
processes that inflnence — in a dynamic engoing gating
the crucial cortical structures. The correx 15 cerrainly in-
volved hoth in initiating vur behavior and 0 execiring
all kinds of movemens, oo nene ol these movements
are brought abeur withour the cooperation of the basal
ganglia and the cerebellum, These serucrures handle the
infarmaricn from and tu the corex via different parhways,
Both have connecrians to scructures i the brainstem fram
which the spinal motanenrans are activaced,

Third system
(limbic companent}

gain sathing syslems

nciuging Wigagering
mechanisms of

thythmcal and athar
spnal reflaves
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The Cortex Cersbri. Uhe falloang parts of
the correx can be constdered motor areas {(sec
Figure 232 1) che precenteal pyrus or ML (20 the
premotor cortex, (31 the supplemencary motor

Medial

area, (4] che cingulare mator area, and (51 rhe
Fromeal wye field,

The precenteal pyrus is the motor coreex
seman stricta) ying immediarcly anrerior 1o che
central solous, ir is iavalved 0 the execannn
of voluniary movernsents, Onsel ol & movenicnt
stares with the discharge of pyromidal tract new-
rans {Fwarrs 19681, The firing threshaold is lower
[I.'] lh_l:" Motar cortey Tl'lﬂ'l'l m rll'll'.“: |'|r\:'.1'r|r:tf:u|‘ 0T
supplementary woior corten. The sctivity pat-
cern of a large number of neurons in this ares
s related to force or speed of 2 movement. Trs
cortical sensory input stems for a large pare
from the wdjpcent semalosensory areas. los cor-
tical maotor input arrives from the nesghboring
premator and sopplementary miotor arcas. Axons of che
pyramidal cells descend to the brainstem and spinal mo-
toncurons, eicher directly or vin mternewrons. This is the
parhway by which discrere skifled movements are realized,

Anterior to the precentral gvens we find the premocor
cortex (PRCI, also known as Brodmann's area b, 10 which
veneral (F4 and FS in Flgure 23 aod docsal (F2 and F7 o
Figure 2) parts can be disonpuished, The dorsal pare of
the premotar cortex receives inpur from rhe superior pari-
etal lobe, fram which sensary infarmation 15 relayed. A
dutatled deseription ol the many wtricare sensory—motar
conncerions is not possible in this chapter, and the readec
15 referredt e Wise er al, {19970 for more derail. The
premotor cortex 15 betrer developed im homans than n
nunthuman pronates, Dreiber and associates {1991) asked
their subjects to make simple movernents with a jovsticle
following the presenracion of 2 one. In one condition,
the movement always had ro be made in one dircetion;
in the other conditon, a choice had ro he made herween
four possible directions, Ao inorease in regional bloodfow
irCBF)L, which is an index of increased metabolism, was
found in the premotor and supplemenrary motor corcices
in the choice condition, whereas the activicy in &I ded noc
differ berween the simple and the cwice condicion, This
suppests thar the premotor and supplemuentary molos coc-
tex are volved in response selecion. Recording of unit
activity in the PMC suggests thar this brain arca i also
responsible for stimuolos-goided movements,

Wicsendanger {1993) summarized the possible functions
af the supplementary moror arca (SMA)L Flanning ol oue
behavior s attribated to this brain area. Prepararion and
iitialiation of movements seem to be orpanized here,
and the $MA s also fnvelved o the tanslation of mo-
ewes and intentions in behavior, Timing of our behavier
and the contral of the sequencing of behavioral elements

are possible functions, as arc the organiration of posoacs
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Figure 2. Lateral view of che lofr hemasphers and medial view of the
agle hemisphere me che monkey with eeminalogy of Rizzolam oo ak

et The goimay matar cortex {precentral gyros, Ml Broadmann's

g 3008 designated e FUOThe prencor conres (PMC, Tircadmann's
area 6! 5 divided inco dorsal (P and F2oaned veninal (FS aaal Fay
peerts. The supplementary moroe grea (364, Broadman's mesial amen
s divaded norwe ditterent areas: I3 ithe SMA propert and F& ithe
pre-ndd AL warhclitherenn cvoacchitectonic structares, ditterene subcoe:
+||_'_1| canmections, and differene Tunstoms, Par shown are the feoreal
e tield {FEF, Broadmann's ares 8}, sinaced bevween FPamd Fi, and
e cinguliee nrocer arcas (Broadmann’s arcas 23 and 24, sitnated be-
lome chee sl woens By FY, oand Tl Repointed {and relabeledd wirk
permsston from Bigeol, Dapona, & Matelli, “The classic supple-
mentacy metar area 15 formed by owo independent areas s Taoders
P Sxpplementary Sensorimoror Area (Advances m Mevrnalogr, vol,
T oy 43=TA. Copyripht 1996 Lippincots Williams & Wilkins

during the execurion of porposive mevemcns,  Farther-
mwre, e concnl of self-initiated movements 2 arreilured
o che SAMA. [odeed, the question can be asked whether
all this does ner poeint tw oa suprametor tole ather than w
i supplementary motor function, Tois too early for o deli-
nite conclusion, bur pare of the exisnng conrroversy scems
tor be solved by a paper of Matelli, Lupping, and Breenlam
48985 see Fipure Z), These authors divide the classic 5MA
sty v pares, the SMA proper {arca F33and, just in lront
af this, the pre-SMA (area F6l The inpur to both arcas
i ditferent: F3 but not Fa is cannected to ML This con-
pection iy somatotopieally orgaoieed (Rizzalatn, Duppina,
& Marelli 19901, There are also conmections Lo the dorsal
part af the premotar cartex and the cingulate arcas, Area
Fa is mainly conoected to the anterior premotor COrIcK.
It veceivey an additional input Trom the prefroneal carrex,
which dees not hold for F2o(Rizeclato ¢ al. 19561, The
thalamic progecrions are also differenc for F3 oand Fé; F3
gets ars major input from the ventrolareral and the poste-
inr ventralaeral nuclel of the thalamus, whereas the inpur
to T8 stemns from the dersomedial and the anterior venteal
suclens of the thalamus.

fr s a relanively recent discovery thar the cinpulate re-
2ior has a Function in motor behavier, As o consequence,
this area has oot been excensively studied, One aof the few

=R

fucts known about the cinguelate region is thae i can be di-
vided in two pares: anoanterior and a postecior area, che
first of which scems o be related o self-paced muotur acs
{Rathwell 1995, n, 153,

Area 8 of Brodmann is known as rhe Frontal eye field
FFEFY, It has strong reaprocal convections o the latecal
incrapariceal area; siouated in che lateral bank of the n
rrapanetal sulens. Both projecr o che colliculus superior
iMilper & Goodale 1995) and are strongly impheared i
The FEEF alsa
receives an input from two temporal areas, e oedial
superiar temporal area and the fundus of the superior wm-
poral sulcus {Boussaoud B Wise 19931 These arcas scem

the contrel ol saccadic eve movemenrs,

te be jovelved in the contol of pursuic eve movementy
inilner & Goodale 19955, In uther words, the control ol
saccades and of pursuit cve movemnencs seems o be orea-
nized into two independent franro-paricial syscems.,

The Basal Ganglia. The basul pangliv can be dison-
piished in rhe neostriatum. They consist of the casdace
puclens and rhe puramen, the globus pallidus {pars in-
terng and pars externa), the subthalanie nuclens, and rhe
substantia nigra pars reticulata (Figure 3], Oviginally, De-
Long and Georgopoulos (1981 sugpested that chere were
rwo loops n owhich different pares of the basal panglia
are connected to the cortex via different thalamic nocler: a
moter leop and @ complex loop. The motor loop divects
influcnees feom the sensorimotor and premotor corices
via putamen, pallidum, and thalamus o the premotor cor-
tex. The complex ll:n::np connects the assodation cortex v
caudate noclevs, pallidum, wnd thalamus o cthe prefrontal
correx. Theose circuits are independent of each octher; they
remain sepregared, as are the leg and arm represenzacions
within the motar loop (Delong er all 19684, A couple
of years later, Alexander, Delong, and Strick {1946 sug-
peated the existence of five dillerent circuits between basal
ganglia and correx, all buile following the same mode],
The model irself is discussed furcher in Alexander and
Ceutcher (1990 and Delang {19901, whose descripriion will
be followed here. Within the maotor loop there are two
pachways to the globus pallidus pars interna (GPO and the
substantia mpgra pars reoicularis (S8 An indirece path-
wiw passes the globus l'I:I“I{]Uﬁ.I['r:H‘R exreena (Gl and the
subthalamic pucleus (§TR), and a dircct pathway inner-
vates the GP and SMr monosynaptically, From here is a
direct connection 0 ong of the possible thalamic nucler,
which project — depending on which thalamic nucleus was
passed — to different corrical areas. The prajecnions from
the different cortical ageas w the putamen {or the globos
pallidus, not depicted here) is excitatory. The dicect path-
wiy has an snhshitory connection o the GPe/SNG in the
indirece pathway, two inhibitory connecrions are followed
by vne excitatory to the same targer (GPe/S™Nrel From
here, cthere is an inhibitery connection w the thalamuos and
an exeirarary connecrion to the cortex [Figure 3.
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Figure 3. Tiagram of che moti ciceuit in which only the closcd loop is
depicred, Tnhibutory nenrans are depicted in black, encitatony nourons
m opray, Rews O center rediam; GPe, alobus pallidus paos externa;
©¥, plobus palliduy pacs interna; MO, primary motor cortes; PRIC,
prenusiar SOty SALA, stpplemenrary moter ey SMr, substaniia
migra pars reticulars: b TH, snlbsthalamie nuelens; WA, nucleus vencrals
anterior, ¥la, nucleas veoeealis prars oralis. Heprintes| with perms-
cion from Alexander & Ceurcher, “Functional archicecioe of kasal
panplia circuis: poenal substrates of parallel processm,” Trends in
WNenersciances, vol, 13, pp. 266-71, Copyrazli 1990 Elsevice Sowence,

Although the basal ganglia seem o be invalved in dif-
lerent kinds of cognirive functioning, m the present context
wi will discuss only their role fur moror behavior and,
more specifically, motor preparation. Scholre and wol
leapnes (1995) provided arguments for this based npon
i1} the behavioral cffects of lesions the basal ganglia
in animals and humans, (2) the anatomical targets for
the vutpur of the basal panglia {i.e., the moror cortex
anct the colliculus superior), and (3] the firing. of basal
ganglia units in relanon w losce and direction of move-
ments, It is interesting 1o note that behulrz et al. (1985)
found anticipatery liring of units preceding spontanecus
and stimulus-triggered movements — and priar to all kind
of stimuli that are of relevance for uproming hehavior,
This supgests that an almost simultancous basal ganplia
activity is present during all anrcipatory FEG agtivity that
we know abont in humans (ro be discussed larer onl.

The Cerebellum. The cerebellum receives ascending in-
put lrom the spimal cord and Jescending input [rom sensa-
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Fimaror cortes via fhe brainstem, Tis aorpa the curtex
cuis From the dentate muclens via the tulamus o ML In
line herewith, Thach {1987% reparred preparnutocy acrivry
i dentate nuclens preor to that in M1 whereas other cere-
bellar nuclei vnly fired affer movement anset; this suggests
tsar the dencate nudews is mwvalved dnomoear pregaration,
witls the other auclei in contral af movement execution. In-
deed, lesions in the denrace nucleus in nonluman primates
reauleed in the absence of a well known slow wave, the
readiness porential, which can normally be recorded prior
1o voluntary movemments, We will discuss this anocipatary
slow wave later on, but here we note thar subcortical in-
puir o M1 seerms to he ahligarery lor the emerpence of thas
slow wave. A more general conclusion is that rhe acoviry
in the motar cortex 15 based upan an impuortant subenrt-
cal input via rhe thalamus, which enables rodulation of
the input relevant for sensory processing and for motur
processing, in a comparable way. [n other wards, rhere is a
commonality 1 the organization of ancicipatory attention
and motor preparacion (Brunia 19971

Structures Invoived in Visuomotor Cantrol

O the three major wodalines, the visaal system s pres
sumably the best investgated. We will diseuss 1t here in
chorr because many of OUr moveinents are SOMG way
or another coupled to whar we see. The optic nerve on
ity way to the cortex passes the larcral geniculace hody,
considered a “relay” nucleos for visnal informaton. From
here, fibers ascend ta the visual cortex and parricipate o a
lacal incracortical cirewit, a cortico-cortical ciremr, amdd u
thalamo-cortco-thalamic cirenir, The first circnit is exera-
tory, suggesting that a cerlain input can have un enduring
acovity in that column (Laberge 1995 Cartico-vartical
pathways are divided into two mam stieams for visnal in
formation, known as the “whar” and the “where” systems
{Ungerleider & Mishkin 19821, Fibers returning to the
thalamus do so 1o the lateral genicnlare bady, but also to
the pulvinar. The pulvinar 15 (wnong others) comnested o
the paricral cortex, which plays a role in an arrenguonal
network (Mesulam 1981, Posner 1994), Vet it should be
kept i mind that S09% ol the pulvinar cells do noe re-
spond to sensory stimulation, so ol s donbrful that the
only funcrion ol the pulvinar s attentional.  The same
halds for the parietal coreex, with which it has many re-
ciprocal connections. Many parieral neurons wce deseribed
as responding upon sensery stimulation anly if a response
has to be generatedd. Morcover, recent stucies in patients
with certain parietal lesians suggest that their pachology
can he described as “not knowing how to act”™ racher than
as a disturhance in the “where”™ system (Milner & Gonodale
19951, These aurhars noted that picking up an object re-
quires not only a reaching movement but also that land
and fnpers be shaped in such a way that size and orien-
Lution of the object are anticipated in erder to perform
a currect grasping, movement. Reaching and grasping arc
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temparally coupled under normal circunstances, alcthough
they scem to be organized independently {Jesnnerad 19971
A combined disturbance can be found in patients with op-
rie ataxia fullowing lesions in the posterior parietal vortex:
they nar only might fail ro reach in the right dircetion,
they alsa fail o orient their hand and form their grasp ap-
propriately (Milner & Goodale 1995, p. 975 This example
clarifics that motor preparation is much more than being
ready o press a button, Moreover, it illuserares how the
pusterior part of the cortex 15 relawd not only ra percep-
tual processes bt also to the organization of acbon.

Structures Involvad in Executive Control

Anacamically, the prefrontal cortex 35 defined as the
projection area of the dorsomedial nucleas ol the chala-
mus. Apare fram thar inpue, the prefennmal cortes alsa
receives Ahers [rom the venrral antetior mucleus and the
anterior part of the mralaminar ouced Accarding, 1o
Fuster {19971, behavior is typitied as a hicrarchical arder af
clements that are strucrared i tme. Tle considers the tem-
poral nrganization of camplex behavior to be the main jub
of this hran arca, and he distinpguishes theee major fune-
nons ol the prefrontal corte (1) preparacivn for coming
events, (21 memory of recent events, and (3 suppression of
mterference,

As we arpued already in rhe introduction, preparatory
behavior is aimed at the setting of relevant motor stroctures
and also ol perceprual systems. Perception can be Lacili-
rated by arcendon, a funcrion chac is accomplished by the
parietal cortex in cullaboration with che pulvinar (LaBerge
19931, The arrenrional network is under che concrol of the
prefrontal curtex: the same holds for the motor cortex and
the deteomuedial nuclens. Elsewhere [Brunmia 19970 we have
laimed thar motor prepararion and anticipatory arrencion
are reulized via comparable networks in which the retienlar
aucleus of the thalamus plays a crucial role, The reticular
nncleus itself 3 (among others) under cthe exciratory inllu-
ence of the prefrontal correx. Activation of rhat pachway
swesults inoa relanve closing of rhalamo-cortical cha nmels. In
other wiords, the thalamo-cortical seream of information —
be it in the sensary o in the mator ronre — can seill be
modulared juse betore its entrance intu the cartex.

An instruction given tooa snhject must be kepr in a
working memory cirenic together with other relevant infor-
neion from comparahle situations. Fusrer and Alexander
971 recorded unil activiey in the preteontal cormex that
they relared w2 mnemonic pracess of retaining a cue,
Climeal dara alse supeest that the prefroncal cortex s n-
valved in holding mfarmation that s relevanc for ouly a
Short time, Mewrapsyehological reseurch in paricnes with
prefrintal lesions shows char they have a debicient response
inhibition. The well-known work of B, Milner (1964) with
the Wisennsin card-sorting test demonsrearcs thut patienes
Wave olifficolties o shifting between responsc sirategies,
There 1 much supparting evidence {or the nonon chat the
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prefroneal cortex 15 indeed invalved i response inhibinon.
Fuster (1997 claimed thar che medial part of the prefroncal
correx is responsible; Goldman-Rakic (1987} sipgresred chat
the funcrion of the prefrontal cormex s aoitalizing, fa-
cilitating, or stopping ol commands o structores thar
are pwolved in motor progeonming. Inoocher woerds, the
Gor-Mo-Go decision seems o be a lunction i which the
prefronral cortes participares, as can be cancluded from
the reparts of Sasaki and Gemba (1955 Gembe & Sasako
983,

Another functinn has been supgested by leober {19642
In arder to distinguish berween self-pated oovements and
externally rggeeed movements, an organism shouold be in-
formed abour self-initated movement,  Teaber sugpested

thar this is realived wia “corollacy discharpes™ 8 maoooer
command 1s sent oot anly 1o moverment-related stroctiees
bt also o parietal and temparal association areas (oon-
lorm these areas about the impinging movement. This,
oo, is an indicaten of the exeeutive concral the prefrontal
correx cxerts upon ocher brain arcas. Later on we wall see
that antcipatory slow waves have a major spurce in this

brain area.

Inferential Contaxt
THE PSYCHOPHYSIODLDGICAL APPRDACH TO
MOTOA PREPARATION

In the foregoing text we have indicared that, however
important the cortex cerebiel might be For ancicipatory Le-
havior, the role of subcordial stiuctures — rthe ascending
brainstem systems, cerehellum, basal ganglia, and rhala-
mus — must pot be forgotten, Such of what happens ar
the cartical level is, at lease partly, a reflection ol pro-
cusses i these serucrures. As an example we mentioned
the well-known antieipatory readiness potennial thar dowes
not show up if @ lesion in rhe deneate nucleus of the cere-
bellum s present. This example clarifics the ipartance aof -
knowledge of subcordeal processes for the interpretation
of experimental resules obtained from the corex, A real
understanding of whar happens wheo a response is pre-
pared and executed must be hased upon knowledge af all
areus involved. The consequence of this is chat we need
informution from as many different sources as possible,

Cine psychuphysiological approach is to use the EEG {or,
more precisely, ERPs) to investigace the relation between
behavior and the relevant brain processes. This method can
certainly provide resules that allow further-reaching conclu-
sions than a stricely hehavieral apalysis, Yer 10 should not
he forgoreen that the EEG and, by implication, mose ERI:
are a reflecrion of cortical activity, Changes in this acoivity
that are cansed by subcortical processcs can certainly be
demonstrated 10 humans, but recordings from subcortical
arcas can wnly be nhrained in relatively rare ¢linical cases,
Thercfore, we also need o know about depth recordings
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in mankeys under similar experimental condinons ro the
ones we are nrercated in, Such recordings concern mosely
cell activity, Eleceromagmene brain acoviey rellects changes
in postsynaptic membranes of large aumbers of cells
rhe correx char are getivated more or less sunulrancousty,
If the membrane potentials reach the hring chreshold, the
cells discharge. Thus, the EEG and che unit fieing ceflect
relared b dillerent aspecrs of the same process. There
are relanively few studies o which amit Arimg and slow po-
tentials have been recorded simuliapeously (e.g, Arein &
Vauglian 1980, Fox & Morman 1968, Monkey studies al-
low the recording of unit firng ar both the corual and
subcartical level, W ownit recordings ar the cornical Jewel
in mankevs show commonalivies with the ERT recordings
i humans, and of subeorrical unic activity o monkeys s
relaced to their corcical wmie acriviry, then we are on rela
rvely safe ground when we consider the whole ser of daa
af importance to our understanding of human hehavior.

The studv af LRUs or cvene-related fGelds {(ERFs) pro-
vides results ol high precimion in the ome domasu, but
sparial resolution s & problem.  The skin, the skull, and
the menmnpes canse a dispersion of the relevant bran acriv-
ity owing to rheiwr different conductivn properties. Recenrly
developed techniques of souree localization (see Scherg
1990 provide vne pussible methad ro overcome chis limi-
tacion, but the fact remains tac we are unahle 1o record
subcorrical processes dircecly from the skull.

This problem does nor exist with the technique of
positron emission twmegraphy (FET, which provides an
image of all arcas relevant lor the exeention of a cerrain
Lusle, This advanrage gous along with o loss of precision
in time, bowever, |lere a herrer spacal resolution is ob-
rained, and it s possible to record changes in subcoriical
activation. The newly developed technique of funceicnal
magnene resanance imaging (IMRI provides a berter tem-
pural resalution than the PET studies, so we can expect
more FMRD research ro take place on the present Lopic,

Transcranial magnetic stimolanem {TMS Backer, Jali-
nous, & Freescan 1983) is a technique by which a shore
maguetic pulse 18 applicd to the mutor cortex via the skull,
resulting 0 a short musele contracrien,  The pre-existing
excitahilicy of the tarnel motonenrons derermines the vt
come of the snmulation, [ a stimulus is appled during the
fureperiod of a reaction time task and il an identical stim-
ulus 15 applied under control condicons, then comparison
af hoth responses provides an ansight oo che changes in
excitahility due to the preparation of a response. This is 1
comparable (ver dissimilar) approach o the use of refloxes
as a probe lor studying morar preparativie.

If an Achilles tendon reflex (or 2 Hoffmano cellex) is
evoked durng the forepeniod of a reacrion rime task, then
the amplitude of the reflex 15 an expression of the number
of alpha-mutoneurans thar fire as a result of the stimulis
strengrh and the pre-exisning excitability of the motanen-
ron ponl. Keeping the stimulus strenprh constant, changes
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in excitability due 1o the preparanon of the movement can
e investipared by comparing the amplitudes of the reflexes
evaleed during preparation with those evoked under con-
trol conditions, The changes i1 amplitude are 3 peniphecal
manifestation ol supraspinal prepararory processcs,

EVEMT-RELATED POTENTIALS

The st electroencephalapraphse measurement related
tr 2 human moter act was reported by Bares (19510, whe
described a neganve powntial alter movement anset thar
was interprered as a reafferene sensory vvoked potential.
The study of preparatory EEG measweements in humans
was intiaced by the discovery of the contingenr negarive
varianon NV by Walter and his colleagues at the Bur-
den Menralogical Insticure in Bristol, England (Waelier et al,
1964, Thev recorded a sustmned neparive posential shill
of about 20 gV o the l-sec interval herween a warn-
ing stimualus (51, a simgele click) and an imperative stimobis
(52, repetitive Hashes thar could be rerminated by o button
pressi. The CNV was discernible in the raw EEG rages bul
became more evident when noise was reduced by caloula-
ing averages of owelve successive tials. The CNV reached
its mawimum! amplitude ar the presencaton ol 52 and re-
turned to the baseline level when che response was made,

At about the same tme, Kornhuber and Deecke were
studying the brain elecirical activity that accompantes vol-
nnrary mator acrions ar the University ol Fretburg, Ger
many, They asked rheir subjocts o press o bulton al
intervals ol their own chosce and recorded the elecorical
activity from the scalp on mapnetic tape, Backward anal-
vais of the rape recording allowed them w study the brain
activity preceding the butten press, They fwund a slowly
increasing negarive potential shift, starting more thao |
see before the botton press (depending an the rare of e
spanding) and increasing up o the instant of the motar
act. Uhis negarive shift was labeled Berertschafispatential
or readiness potential (RT Kornhuber 8 Deecke 1965].

Eornhuber and Deecke (1903) sugpested chae the new-
ronal processes uodeclving the BI* oand cthe ONY were
smilar.  The similarities and differences berween  these
slow brain porentials have been the topic ol @ consdecable
amount ol research, especially in the 1970s and 19805, Since
the CMV 15 usually lacger than the B ar was choughe that
the MV (i) consisted of an RP assoclated wich rthe maror
response bt () was recorded on top ol anoiler, presum-
ubly nonmotar, negativicy. This nonmotor negativity was
subseguently isolated and rermed stmulus-preceding nega-
mviny ¢ Bronia [2E8),

An nreresting psvchophysiological toal thar can be ap-
plied in the sdy of motor processes is the lateralized
readiness potential {see Cnles 1989 for an overview), This
measure 15 based on the observation that the amplioude
aof the BT becomes wreater over the hemisphere cantralar-
cral ra the responding hand than over the ipsilateral hand.
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Kutus and Denchin (19740 showed chac tee lateralized por-
om of the B could alse be measured afrer an unperative
smubug in a4 reaction time task if thar soimuolbus indicared
the hand with which the response had o be made. The
lateralized portion can be isolated by subtracting the ip-
sitateral Trom the conrralareral porentisls, and noomoror
asymmerrics in the brain can he removed by subteacting the
solared lateralizacion for el and right-hand conditions,

The Readiness Potential

Lo the original study of Kernhober and Deecke (1963,
four potentials related o the burron presses were desceibed:
three thar oceurred before the mator act and one thereafer,
By todav’s standards, one would probably narice thar they
reported four “components” in the sense of, for instance,
Cronchin, Riteer, and MeCallom (1978). Preceding the bue-
iun press, Kornhuber and Deecle (1965) disringuished
negacive Bereitschaftspotential, 1 premotion positivicy, and
A1 nepanive morar porential. The positive potential comples
thar followed the buttan press was desipnated as a reafferent
potential {RAPY. In conlrast to using names that suggested
a hmetional meaning of these components, orther authors
preferred o designate the components by palarity and se-
uenet jegn Gilden, Vanpghan, & Costa 1966) or by polariry
aind larency feg. Shubasali er al. 19800, Because the num-
ber of components studied in various reports has differed
-x|'|I‘|'||_"L\'||.;||_1 1h.§; namjng UUH"'{.‘-I'I':'i.UJl I'_H}- l_'ll:r!ﬂj,'!f}-' .11‘1".‘] S‘.I:L]_il(.‘n{.'i.:
hias kel to some confusion in designating the different com-
ponents, capecially thase tollowing the moetor act,

Fignme 4. Schematic cepresentation of the cight components of the po-
renmials nelated oo moton aces, Thie reeminalagy wsed tor the varous
components 1 gpoen o Table 1 This representara is o thearencal in-
cepration of componrcnes thao were distimggumshed Tl o necoedings
from various clectrode positions; a wavefoem as depered inochis Ggure
cEnnal L esoed ar a :iilugjc electrode,

Broma (19871 summarized the most common designa
tigns that appeared in the lirerarore up oo che mid-1980s,
Bocause no new components have heen discovered since
rhar rime, the survey s sl valid,
tematic representarion of the eighe known components is
presented; the associated nomenclatores are summarized in
Tahle L In the present review, which is focused on the
components preceding che motor aet, we have adhered as
much as passihle o the original nomenddature of Kernbo
buer und Deeclke (1965 as a tnhute to their seminal work,
Bur we do distingaish between the symmercical and larer-
alized portions af the RE, designated by BPaq and BPyy,
respectively, The components following the moetor act will
be referred to using the polanty=latency convenoion, which

Liv Figure 4, a sys-

15 now the most fregquently used. These potentials are not
reviewed systemarically here.

The RP,.., starts between ane and two seconds prior e
the motur act, depending on factors soch as the ratc ar
which the motor aces are issued, their nature and complex-
ity, and the limb with which cthey are issued. The interval
between the start af the RPyym and the motor ace is shorter
at high rates ol successive maotor acts {Kornhuber & Deecke
1965), Complex motor acts are usually preceded by an
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TABLE 1. Terminalogy Used Lo Describe Companents of Brain Potentials Related ta Motor Acts
i 2 3 4 L7 i 7 ] Buthors

N Bates (19511

‘ e - ILASEE M - EAP - Faucuhuber & Deecke (F65)
w-— Ny v 1"y - I Crilden, ¥aughan, & Coara 9068
. Ny —a P, M- [ Py Gechrandn, Goft, & Smarch (19730
— My : ™ ey [ Py Arerre S Vaughan (1974
[y ™1k 8 ™ Mg Pi; My Pap Gerbrandy (1977
— N - O Papnknstapoulos (1978
“— My = ', [, By Py 1" Hazemann, Meal, & Lille (1928
— My = (i M., M, I's,, P Areeve & Vaughan (19800
ik M4 Py ™ It B I* 1 N._hl.u ) RS Lhibasake @1 al. i 15500
BPI (C LR} - Libet, Wriphr, & Gleason (1980
BRI, D), P MP N Pay Ny Pyn This chaprer
Sistes The sequenece nambers of thee components refer o Fipnie 4, arrows indiice this varpe of the definmon wlative w the sequenual
I:l?[[lp'::lf'll.'['lt":

K P chat starts slightly carlier than when preceding sicuple
motor aces (Lang et al, 1989, and the same 15 rrue for fuut
as opposed to finger movements tBrumis & Van den Bosch
19541, The onser of the RPm is very consistent within snb-
jects when measured in different recording sessions (Deecke
1987), There ane, however, marked dilferences 10 onser LI
hetween cheetrade positions. AT the wertex electrade (Caly
the BRI, starts as much as A00=500 msee earlier than ar
precenteal or parietal electrode sites iDepcke 1987, The
anplitnde of the BP0, has a straighttarward relacion w is
omsel: it s greacer the earlier i1 sTarts i Deecke, Girdringer,
& Kornhuber 19767, Therelore, the amplitude ol the By
io also related to the factors indluencing 1ts onsel, such as
[ESpONSE TATE, UVEmenT complexity, and extremitg, Inoad-
dition, the R, has its maximum at the verrex electrode
ar which the eaclicst onset was ohserved.

The carly onser and maximum amplicude ol the RPoym
cwer the vertex electrade, which 15 locared apprusimately
wver the supplementary mator area (SMA), have been wsed
15 evidenee for the claims char the BFam s an index of
sidA functiomnp and thar SMA activiry precedes acriv-
ity i the primary maror corlex iDeecke 19871, I line
with this suggestion, Goldbery (1985) byporhesized that
the RP is produced by actviey in the basal ganglia
dependent loop (see section on hasal ganglial, in which
inpur from wide reglons ul the cortex is gathered and
then foensed back o restrivted premotor regions, espe-
cially the SMA. This so-called medial system, as Goldbers
referred to it is schematically represented in Figure 5. In-
put modulation of rhis loop is passible ac the level of the
reticular thalamic ouclens, which overlies rhe lateral wen-
rral thalamie nucleus and exeres an whibicary influcnee on
i (Bruma 1993 Skinner & Yingling 19770 Ir s hypothe-
cized that this loop seleces task-relevane features from the
enwironmeneal context and associares these feutures with
the actions ra be executed. Henee, a serarepy for future ac-

tums is thought o be specified through the activiey of this
predictive feedforward loop, a process thut may be called
Mol programming,.

if it is true thar the BP,,, & indeed 4 measure uf Lle
funcrioning ol the medial system, then it should be abol-
ished or areopawed in papents wich deficiencies in this
loop.  Indeed, patients with Parkinson's disease séem to
have an abonormally small RPy (Dick er al. 12891, How-
ever, generation of the BT, may not depend anly on the
medial loop, since Tkeda and co-workers (1994} described
u patient with a cerebellar lesian 1n which the BP..,, was
completely abalished, Revent attemprs o determine the
neural generators of the RIL,,, in healthy subjects using
sparioremporal dipole modeling fuiled o estabhish a sig-
pificant SMA comtribution {Backer, Brunia, & Clarmany
199, Baerel er al, 1993). However, Traamstea and col-
leazues 1398k supgested that this negarve finding uught
ke explained by a Failure of the previous menlels o diserim
inare berween SMA and motor cortex contributions to the
RP,.; they presented an improved model that included
a generator in the SMA. These findings are consistent
with intracranial measuremunts of lkeda er al, (1992), who
recarded an RPyq bilarerally in the SMA. Taken rogether,
Uie available evidence suggests thar the SMA provides 3
majur contriburion w the RPay-

The second componenc that precedes the motor act 18
the lateralized portion of the RP, which we rermed P
This eomponent, which Shibasaki et ul. (1940 referred o
as the neganve shift (157, starts abour 500 msec before the
motor act, again depending on factars such as the rate with
which the actions are issued, Mot all researchers recognize
the BTy, tw be a separatc compunent (see Table 13, b
it can be shown to have underlying neural generators thar
Jilier from thase of the RP.,. We are therefore juscitied
in rreating BPye as a different component, The asymme
ey in the BPy, is resericted o central electrode locations,
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where greater amphirudes €an be recorded
over the hemisphers contralateral 1o the
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hand or finger with which the muror agt —
i pertormed. Poot evements resule in |_
an apsilacerally greate amplitude ol the
By this paradoxical Arnding was hy- D
pothesized by Brunia (19801 o be due lo ;
the aoatomical QrpanEann of e muo- [:‘
lor cortexs  Lhe arjentarion of the cell
colomns s such thar their wctivicy can
he most easily picked up by an clec
rrode over the contralateral hemisphere
i rhe case of land movements, becanse
the hapd area s locatedd 1o the crown
of the gyrus. For foot ovemeits, Row-
ever, Lheir actviry is most casily picked
ipsilateral
since the foor wrea I la-

up by an clecrrode over the
heomsphere,
cated 0 the musial wall of the gyrus
‘I his inrerpretation has been confirmed by
spatiotemporal dipole modeling of ERPs
i Bicker, Brunis, & Cluitmans 19940 and
m:1;.;1rmu:u:-:ph::_iugmphic IMEG) records
ings [Harn et al. 19835

The foreguing caplanation af the par-
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adiwical lareralizarion for laat  move-
ments already sugpested that the neuw-
the RPj, are situated

ponul sources underl¥ing in the

pHmary metor corles. ndeed, in Favor of that view is
nmich evidence based on a variery wl different rechoigues:
Jdow intracortical porential ciudies in nonfuman prinares
CArerro B0 Vaughan 1975, Gemba, Sauale, & Hashimoto
1980 Sasak et al, 19795 unit studies in noadoman primates
i Beguin 19830 WEC measurements in hurmans (review 10
Lang el alo 19914 reggiamial cerehral Dhaodilow srudies in
fhmans (Roland et al. 1900,
menleling of scalp (ecorded potentials in humans i Bocker
eroal 1994 Bzl et al. 1996k,
Cremba er al, (L) recorded a transcranial soversion af the

and spatiotemiporal dipole
1943; Praamstra BL al

I nut only in the primary motor cortex but also in the
[FEOTGT and primary sumarosensory cortes (ol monkeys).
Therefure, it is plausible that there are seyveral gUNErAtoTs of
e BRI, Although these suurees are cortical, it does nut
mean thar the subcortical input i of munor impartance. o
Fact, it sects 1o be pssential gince cerebellar Lemispherec-
tumy ahalshed the pocentials in all three areas; after a few
wecks, recovery n the premotar qipd SOMACORCASGIY ATELS
was ohsepved but not i the primary motoo correx (aasaki
vl 1879 Later on 1F was demonscratcd that the den-
tate nincleus 15 essentisl, Cerebellar outllow ruos from the
Jerare nuclens v the thalamus) o the MoTor Coricx. In
s, the By, depends also un the funcrioning of this
nuclens (Tkeda enal, 1994 Shikasaki et al, 1984).

The linding that the BF. disappears upu ablation of
the dentave oncleus contralateral 1o the motor cOCmex -

55. CORTEX

Figure 5. Simphified representanon i the different curlicsl areas com-
nected o caudate nicleus 10, patanen o, and genehellum. Ry
ML, primary MoTor curiexs MTIM, dorsomedial nuclews: PF, preframnd
cariex; FAEC, prepocn coriess G A, spplemmenniTy MATaT e Vi
mueclens venrabis aprerine Ve, el weneralts lanerahs pars civ-
daliss ¥l nnchees veneralis lateralis pats wrahiss Vhx prars % uf the
pacleus ventralaceralis; VLo, nucleus ventealis pasteralareralis bk
ahell, puchens reocularis thalami, which minbis Lacally the wracherly -
g, rebay noleld Uhe majer w10 the caucdare noeleus stems from
rhe ssocidcsn CoTlex, 0 the putament friaet the SLnnETOIROTIE SO,
atd v the cerdhutiom fram e SUIEAEEIBIE COrTEE [arit also from the
associstion cormex. The nenstriarm ougflow s va jhie pucame in
o motor hop o vie the candare puclens in diferent crphos S
Sulstantea migra and plobus pallidug wwavcrna are the gurpn channela.
whith are cunnected via different thalamic nuctel to different corri-
what Goldbery has called the medial arulb lageral systoms
ape the matar Joop via the putamen and rhe e w1 the cerebellum.,

cal amens,

speetively.

volved in the response (hence ipsitateral tu the response
itself) indicates chat the cerchello-thalamo-cortical luop 1s
necessary for the gencration of the RPy The ipstlateral
dentate nuclens of the cercbellum projects wo the vontralat-
oral thatamus (caudal part of the lateral ventral nucheus)
and thence to the contralageral primary motor cOrtet.
while input to the cerebellum 15 provided by motor and
SESOFY ABH0CIALICE cortices [Allen & Tsukahara 1974), In
the model presenced by Cioldberg {19857, this loop is called
the lateral system lace Figure 5%, which 18 thought to pro-
vide context-dependent adjusements of the parafetees of
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the movement strategy selected by che medial system; rthis
loap s therefore a feedback system, in contrast to the me-
diat system (which was thouglt to operare in a feodforward
mode), In patienrs with Packinsou's disease, the RT', i
prearer chan w pormal ape-matched controls (Dick er al.
1989, This finding has been explained by assuming char
Uhese parients rely more on the lateral svsrem beeause the
miedial system s defective, as indicaged by the arcenuated
Ry This explanation s consistent with the climcal ab-
servation that patients wirh Parkinson’s disease depend on
visual information for the successful miriation and perlod
mance of varions motor acts (Brooks 19861

The next componenr preceding Lthe motor acr 1s the
b The PMP iy a widespread bi-

premotion positivily [PAAF
laterally symmetrical positive wave with @ maxiouwm al
the sndline parietal clecrrode [Pe), o stares ahour S0-90
msee before the onset of muoscle activity as determined
by the EMG. Over central areas, i is more pusilive over
the hemusphere ipsilaterzl o the response side, probably
owing Lo the overlap with the negative mator porcntial
iwhich immediately follows che PMP), Deecke and Korn-
huher (1977} hyputhesized thar rthe PMP corresponds to the
actual command for the wovement. There are no animal
data available relared o the possible neuranal gencraror
aof the BMP, and sparioremporal dipole modeling of hu-
man sealp potentiuls have not yielded reliable madels of
the PR either iser e, Décker et al 1994al, lo is also
possible — as supgesred by Neshige, Liders, and Shibasaki
(985 — that the PMI s merely o epiphenomenon re-
flecting the transition berween rwo negative waves, the
RP), and rhe MP, und does nor have a real newiophys-
ilogical generator. This possibility 15 supported by e
failure to identify the PMT in subdural recordings {Tkeda
4 Shabasak: 19925

The moror potencial (3P s the last premovenent po-
starting about 10-30 msec prior to che onset af
muscle lhere has been some confusion regard
ing whether the MP* precedes or fullows the motor act.
Gerhrandr, Goff, and Smeth (19730 recorded a0 neganviry
alter the onser of muscle activiey, making i role in ni-

pential,

activity,

tiation ol the motor act unlikely. Yet 10 turned oul thac
the negartivity measured by Gerbrandt e al. (19731 was ac-
tually pare of the reafferent porentials und that rhe MP
indeed occurs preceding the motor ace dGerbrande 1977, see
also Deecke & Kornhuber 1977 The MP is a unilateral
negative wave with a AEANIMUIL Vel prr:'eﬂrrai electrode
positions contralateral to the respondiog hand {ipsilareral
fur foot movements). Combined recording of slow inrra-
cortical potennials and unit activity in nenhuman primates
(Arcrzo & Vaughan 19807 showed thar the nearonal souwrce
af the MFE is located i laver ¥ ol the hand arca of the
primary moror cortex, where a high density of pyramidal
tract neurons are known Lo originare. This Jocation 14 con-
firmed by human spatioremporal dipole mordels {Bicker er
al. 1994a: Botzel et al. 1993; Praamstea et al. 1998b) and
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magnetoencephalographie recordings {Lamg et al. 15991
These Andings condinm the origmal inteeprevacien ol e
MP by Karnhuber and Deecke (1965, see also Deccdke &
Kornhuber 1977 and Deccke 19878 that the MP reflects the
cordeusprnal autflow jninaring the mocer aet,

Loy sum, these findings suggest thar three progesses aie b
volved mn the inidarion of voluntary, self-paced, mocor acts:

1. selecting 2 motor strategy, presimably an acoviy of
the medial system ivolving the basal pangha and the
Shdn and retlected o the RP

scring the appropoare parametcts for che o

depending on the external context — a Tuntion of the
lateral svstem, nvelving the cervhellum wnd the primary
oo coerex and reflected noche B and

30 the command taomove — imvolvine discharge of pyreas

midal rrace peurens in the prinsiy motar cortex and

reflected 1 che MT

The independence of the actual mute command Feam che
preparatury processes agrees also with Lehavioral mad-
els of motor preparation and performance, such as Buol-
lack and Crrossberg’s (1988 veotor IS ATION model, in
which prepared movemenes are eneegized by o separare Lo
o,

The Contingent Negative Variation

ke early work ul Walter and his colleagues was wined
not st motar preparacion but ac the concept of expecrancy.
Walter et al, (1964 showed char the TRV () developed in
the l-sie interval berween a click and a series of Hashes
and (b was terminated by a bortan press, The simple pair
ing of the click and the [lashes, without a motor response,
didd ot result inoan appreciable potental shifr. When 51
fand hence the responsel was omiced, the OV gracu-
ally dedlined; it was resrored if the targer stmuelus was
retnrrodoced. Yot e SNV did nor merely depend wo the
LEspOTse, because g ONV owas Tound sF the subjcers had
Lo estimate o time incerval sedtfond producing a respoase,
Walter uid co-workers associared the CNV o the prob-
abilicy that o response o 592 was requined, Becuose the
artitnde of che subjects and the imstrucrions given w thew
also seemed of importance, the concept of “expecrancy”
was used, and for some time the TNV was known as the
expectancy (E) wave, In suhsequent rosearch the TNV was
asenciared with such ather constructs as conarion {delined
as intention o act; Low el al 19681, maotwvanon [Inwin el
al. 1966), and atrention { Teeoe 19710

The use of lonper intervals berween the Lwo successive
srimuli showed that the onmnal lsee CHV was actually
o summation of two separate waves | Loveless & Sanlord
15741, The carly or O-wave (lor orlentaton] had a froncal
muainum and was thought to be a response to the firsc
stimulus because it was shown ro be relaced o such stim-
uhis characteristics as modality, intensity, and duration,
The lare or E-wave flue expectancy) — somerimes referred
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(o a8 the “terminal” CNV - bad a cenlral maximuam; if
was inigally helicved o beoa sign of the expected o
currence of the second stimutlus but was later related o
motar programning (see Figure @), The exisienee of early
and late components wirh {respectively) frontal and central
dominance was demunstrared by M cCarthy and Dondun
(9TEY ~ wsing prncipal components analysis — ta con-
ctitue the NV recorded in a short i1-see) fureperiod,
tabrhaugh, dyndatlko, and Lindsley 11976} recorded CHVs
i a A-see inrerval between paired stimuli o rone and a
Uhey compared the
murphology and scalp distriburion ol the CNY with the
porentials eheired by unpaired tones and uriciscd TeEponses.

fash, followed by a manuoal responsel,

Ihe carly wave of the CHY showed the saine morphulogy
vl sealp distriburion s the potential recorded afeer the
pnpaired rome, pamcly, a frontal wmaximum and parictal
minimum within one second afrer the tone. The lace wave
of the CRY had a shape that was similar to the poten-
il clivieed by the uncued response and exhibited a central
masimum with shphtly farger amplitudes vver the harne
sphere concralateral 1o the responding hand. Rehrbangh
et sl (19767 concuded rhac the fare CHY e essendally a
readiness potential,

tn o ibluential review, Hohrbaugh and Guillard {19835
reterated their wiew that the CNY conssced ol an inde-
pendent carly and lare wave, of which the late wave was
Wentical to the BP and henee related to mator processes.
Chete arguments in favor af the jootor programming inter-
prevacivn af the lare wave can be summarized as follows,

\. Druring shorr foreperiods, the TV s arrenuated when
i motor respunse s reguired. D longer foreperi
aibs, the lace CHW s arrenuated for even absent) when
ey resporse o 528 regquiced o when # delayed instead
of an immediate respense s requtred.
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7. The amplitade ol rhe lae ChY varies a5 4 fane

tion ot rask vacibles agsumed 1o b related oo

prepa ratiod, sucly as forepueniod duration and Fareperiond

variahilicy, Lo oddinen, il is increased il under speed
a5 opposed Lo accuracy insrrucnons anek (b preceding
tose as compared o sluw responses @ irhin the samwe se-
pes. The lare OV dies not vy as a functiomn ul
sensory manipllations sl as stimmlos degradarion.

1. The lune CNY 75 sinilar i mesrphology aned sealp diseri-
bucion to the RE, with @ maximm ower o tival moter
arews,  Precuding manual responscs, botle are domi

ant ever the hemisphere contralateral o the movement
wide. whereas an ipsilateral domimance is foanel preced
ing pedal movements., I addinen, the CRY s greater
when larger amouns ul psenlar ellore are regquired
for the response to 52, which bas also been found For
the REP.

Rohrbaugh and Gaillard (1983] also described o number
ol methadological 1ssues that could bias the InTerpretarion
of late CNY findings, such as the length ol the Foreperiad
and the resulring coneribution of rhe carly wove as well
26 the influence of movements {buth ingrrucred and non-
imstrocred). I this way, they reincerpreted findings which
suggested that the RE and the lare CHNV werc tu some
ewrent different phenomena, As a result, the contribu
cion of motor variables to the late CNY 1s now heyond
doubrt.

Hewever, there alsn remain some sssues which suggest
that e lare CNV is mare than just an B Firse, the CHY
v usaally grearer than the RE {Brunia & Vingerhoers 1951
van Boxtel & Frunm 1994h), sugpesting, Chil addimanal
negatnary underlies the CHW. This finding agrees wath
the climeal observanon of Tkeda e al, (19941 rhar troocal
negativity can be measured during the foreperiod of a re
acnon e task in s panent with 3 cerchellar lesion chac
abalished the BP. The additional negativiry may e an in-
sunce of the stimnlus-preceding, negativity, which will he
briclly discussed i the next section. Second, conmalater
ally greater amplitudes have been more [requently Eound
for the BRP than for the CNY. In pars, this may he duc w
the Facr thal, in a reaction 0me cask, rhe lateralized por-
tion of the TNV may be contamed in the interval between
the second srimulus and the response, and not before 52
Flowwever, the more peneral problem s rhar the companents
distinpuished in the context of voluntary motor aces, s
discussed in the previous sectinn, can not be demunserarcd
in @ ONY paradipm — for instance, b spnri{:tumpmﬂ
dipole unalysis of scalp-recorded porconals iWdicker 9940
Thied, although the late CNV s artermared when ne mu
lor Tesponse is given, b ocan grill be recorded when no
mutor response is required, cven when taking inw aceount
the methadological pirfalls pointed out by Rahrbaugh and
Ciaillard (1983 see also Muchkin et al. 1985

(he RP and the late wave of the CNY are measured

The

in different paracipms iy more than one respect.
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increased oming conscraints indoced by che speed instroc-
tions 1 the UMWY paradigm may be of special imparrnce,
Fram this perspective, it shoold come as no surprise that
additional waves may be presend o the NV paradign,
cancribucing toe the late wawve, For instance, van Bowrel
(19 concluded from a series of precueing stncdhes thae
at least two nonmotar components conteibuted to the late
wive of the TNV, The fiest was related o the anci-
pacion of task-relevant stimuli (SPN of second category
in next secrion) and exhihited a hilaterally symmerrical
parictal maximum. This component probably refleces the
preseiiing ol cortcal nevworks toospeed up the oomiment
processing of stimulus informatien in thuse necworks, The
second nonmaror component was tenratively relared ro the
effarcful cantrol over rask performance; ir showed a bilac-
eratly syammeirical maxunwm over the trontal cortes. The
presence or absenee of the various components, motor and
nonmotar, depends an rhe exacr rask circumsrances, in-
steuctions ta the sabjects, thewr subjective interpretation,
anel 5o on. As a consequence, the amplivude aod scalp dis-
triburion of the NV late wave is often foond to differ
fram experiment to experiment.

In the more simple CHY tasks, the late wave of the
CHV s mainly determined by the Jevel ol motor prepa-
ration and is thercfore ac least funcoionally similar o che
R, The hyporhesis thar rhe lare wave 8 manly derer-
mined by activicy i the medial (basal ganglia—dependent)
syitern deploted in Figure 5 05 suppuorted by two lines of
evidence, First, the [are wave 15 arrenuated in particnrs witch
Farkinson's disease who are thouphr to have a defecrive
medial system (Praamstra ef al, 19%6a), Second, CMVs can
be recorded nothe caondate noclews ol monkeys, although
with reversed polaricy (Rebert 1977, The presence or ab-
sence of the actoviry in the lareral (cerebellum dependent)
system, which praduces the coneralarerally greater ampli-
pades, depends on oexperimental vaviables that are noe vet
completely understood. When cthe side of responding is an
impareant task vartable indicared by the sccond scimulus,
then the lareralizatinn can be shawn ro he present in the
regction tine interval [Kuras & Donchin 19747,

The Stimulus-Preceding MNegativity

Brunia [1848) hyporhesized thar the addioional negariv-
ity distinguishing the CNV from the RF was related to
anticipation of the vproming 52, Muotor preparation and
srimulus anticiparion arc necessarily confounded in the
forcperiod of a reaction nme rask. Damen and Brunia
(19871 showed that stimulus anticipadion withonr simolea-
necus mowor preparation resulted o a negative wave with a
parieral maximum and a right hemisphere preponderance.
Phev termed rhe negarvity somulus-preceding negativiey
(SPM); although thaught ro ke exchmvely related o non-
muotor factors, it lrequently contaminares movement-relared
negariviy and it is therofore bricily discussed here. In pas-
ticular, tasks imvolving continuous motor vutput that can
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be wisnally menitared (eg., eracking rasks) may he suscep-
tible to thes contamacion, When such tsls are executed
wich the right hand, the letc-beausphers preponderance of
the movement-related potenoals s likely o be canceled by
the riphr-hemisphere daminance of the SN, resulting in o
bilarerally symmetrical wave, Whetler this is actually the
case calr be demoaestrated by studyving responses with the
left hand, since righr-hemisphere doeminance of the SPN s
preater for responses wich the left than wirh the right hand
(1damen & Bronia [987],

WVan Boxtel (1994) reviewed research inre che 5PN and
concluded that the 5PN (a} can be recorded preceding rhnee
rypes of simuli and (b prohable alsa has different neural
generarars in those cases (Figure 7; see also Bocker & van
Boxtel 19977,

Stimudi providing knoweledpe of results abose prioe pers
Jormence. In this case, the ST has a parieral mavimum
and a right hemisphers preponderance, especially over
anterior electrode posicons (Damen & Brunia 19570,
This instance ol the 5P s probably generaced by bi-
lareral parietal sources and o unilaleral source 1o the
right fronco-temparal cortex (Ricker 19947,

2, Stiemull tramssmitting information abone 0 future tash
In this case the SI'M also has a parietal maximnm, bus
it 15 bilareralty symmernical and much smaller than the
5PN pror o sumull providing knowledpe of resules
This instance of the 5PN can be recorded preceding all
taske relevant stimuliz it coneributes o the late wave of
the CHNY {van Boxtel & Brumia [994a), alchough the

contribution is small, Tt probabdy 55 penerated by a paic

of hilareral parietal corrical sources,

o

Probie stinneli ivith which the neteame of G precicus
task wwst be marched. Apaing a pariesal maximom s
found in this case, bur a lefr-hermsphers advanrapge is
observed (Chwilla & Bruma 191, The sources of this
tstance of the 5PN are snknown.

Another negacve shift of fronal corcical origing possi-
bly related o the efforeful coneral over rask performance
n the farewarned reaction ome tasle, s chouplt o con
tribute to the late wave ol the CNV fvan Boxtel 1994 see
also Figure 7). This fegadvity corresponds o the diffee-
ence berween che RE and che CNV in the carehellar panent
described by leeda et al, (19843,

The Lateralized Headiness Potential

The most imporrane development of the last decade in
the psvchophysiology of motor control i the use ol the
lateralized readiness potential (LR, As already indicared,
Kutas and Donchin {1974 showed char the laceealized parr
of the readiness porennial {IP,) can be measured after an
imperarive. stomulus thar calls for a response with either
the left ar the right hand, They suggested that che dif
lerence can be used as an on-line index of the degree of
motor preparation in reaction time rasks. This idea was
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claborated in the studics of D Joug et al, (1388) and Grat-
ton or al. (19881 and has been frequentdy used sinee rhen
to momroer the amount of direcrion-specific oot prepa-
pution fsee also Coles 19890 De Jong et al. (1988) tecmed
this messure the “coerccred muotor asymmerry” in order
to avoid any confusion concerming s measare’s being
ohtained in a reaction time rask — unlike the RP, which
in abrained when movements are self-paced. Nevertheless,
the rerm laterabized readioess potential is nsed most Tre
quently nowadays, ustified by the Lace chac it is calenlared
from I, cven thoogh obtaned 1noa CrV-like paradipm.

Caleularion of the LRP is a rwno-srep process, First, the
lateralized pornon of the signal is isalared by subtractiog
the ipsilateral potentials from che conte alareral parencials,
measieed over the monor cortex: The next step is o ave
erage or subreace the laveralization for left- and right-hand
conditivns, As a resulr, asymuoetries in the brain chat aee
srrelevanc o the direction of the correct response disappear
from the signal, Further details abour procedures and uses
ol the LRI in psychological research are ourside the scope
of this chiaprer bur are discussed elsewhere in this volue
isec Chapter 31, We want to emphasize one inreresning
property of the LRD: around the atart of muscle activation,
the LRP amplitude is ubnost constant across conditions
(Gratton et al, 19881, Based on this finding, Gratton and
colleapues pruposed thar a fixed level af response acti-
varion must be exceeded 10 oorder o trigger a respansc,
Coguitive madels of response preparation, known as "aceu-
mubator” models, similarly assume a gradual accumulation
af response-relared activicy toward o certain rhreshoeld,
These models aecount for the observed vanakihey anore-
getion times by assumng a varable accumulation rage, 2
variable response throshold, or bath. Hanes amd Schall
16 provided support for che Gaed threshold hypothesis
with aingle-cell recordings i the motor ateas of mankeys
pectarming spocific eye movements, The constancy of the
LEP :!1[I|."]i.1.'L'IK|I:'- ar muscle ;1|_L:ivi[!." nrser is consistent wirh
thar view (Coles TR

Wherher the amplitude af the LRP ac muscle onser pro-
vides a reliable index of the rosponse Uiweshold o the
muotor cortex femains an open question, [Locan be ar-
gucd that the threshold is always overesrimated 1o that
case, since the neural transmission leom the motor cor
lex ta the muscle takes time {estimates range from ahour
15 msec ta 50 msec), De Jong, Coles, and Logan (1495]
wsed the LRP amplrude ac 30 msee hefore response (not
musclel anset as the response chreshold,  However, it s
anknewn if the use ol thar value leads to an onderestima-
tion ol the respanse threshold m the motor cortex, This
might be the case hecause, on tials n which nu response
was issued, the maximum LRP amplitude exceeded the vis
sl chreshald [as determined at 50 msec before response
onsed but remained below the amplitade at response on-
cor. Other criteria for the tesponse threshold have been
suggesred, but to date there dues not seem o be o consen-
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us ahant this macer (Band & van Boxeel 1999), This area
will undoubtedly prove w be a frairful ane for fuore
vestigarions, which will alsa lave 10 be concerned with the
relanan of cthe threshold 1 the moror cortex and the MP
ol Kornhuher and Deccke (19657,

REFLEXES

The carical manilestations of motor prepacation dis-
cussed w0 far are a reflecoon of excratory postsynaptic
changes in the membrane porential of cells in the differene
maror areas. Firing of these cells excites it the cells in
brainsrem and spinal cord, cansing similar changes in ther
membrane porencial. B osuch changes in membraoe puten
tial take place in moroncurons ol the spinal cord, chey
canse a change in char porential towand dhe bring rhreshald
ibur not necossarily sa far char the cells discharge]. Thus,
spinal changes in cxatabilicy of motoneorons nued ool be
manifest iu the surface EMG, In their survew of a num-
ber of menkey studics, Fvarrs, Shimoda, and Wise [1HES
exphicitly denied that peripheral anticipatory EMG activity,
was present; they suggested that a subrhreshold activation
of motoveurons or interneursus might have raken place.
In concrast to Evarts et alo (1984, a swall EMEG activicy
was reported in monkeys by Richle and Requin (1889 -
in accard wirh some EMG studies i humans {Brunia &
Yingerhoets 1980; Haagh & Brunia [384). In che lacter
study, subjects had ro prepare a plantae texion of rhe right
foot. Apart from a systemane ncrease in EMG acnary
i the agomist (che call muscles), a similar increase was
recorded in the anraponise (the anterior nibial muscle) and
in severa) other museles in che same leg, Mo soch increase
in acnvity was [ound in the orher leg, while a decrease was
recorded 10 the EQG (electro-oenlogram) and the nayloby-
widius muscle (mouth bottvml. 5o, preparacion of 4 simple
foot movement resuls in a complicated picoire. The de-
erpase in facial muscle acrivite is 1o line with COhrists idea
that moror preparation goes along with @ quieting of i
relevant muscle activity (Obrist 19763, but the rest of the
findings do nor {Brama 1984u}. The small increase in EMG
activity lound in a number of leg muoscles showed a sig-
nificant negative correlation with reaction time. However,
there was no indication of a stronger correlation for rhe
agonist than for the other muscles. Ir s ctheretore doubt-
ful that the slight nercase in EMG actry is selectively
relarcd o esponse preparation,

Sobrhreshold changes in excitability ol @ motonearon
pool can he investigated with retlexes (Paillard 1355}, All
other things heing, equal, an increase in excirability would
cause an inciease in refex amplitude and a decrease inoex-
citabuliy would result in a decrease in amplitude. Thus, cthe
size of rhe reflex amplitude can be considered an estimare
of the changes in spinal excitability. Achilles wendan and
Hoffmann reflexes have been used to study moror prepatd-
tion during the loreperind of a warned reaction ome sk



MOTOHR PREPARATION

(Bonnet eroal. 1981 Brunia & Boelhomwer 1955 BLeguan,
Benmer, & Semjen 19

1, These reflexes can be evaked ba
Larerally in the calf uscles ar unpredictable poins in rim
by using 4 {mechanical or clectrical) stimulus while sub-
jects prepare loc a nnilsteral response with che foot or a
finger. IF 0 anilateral fingzer moveinent s prepared then
the call mouseles are not involved 1 the respornse. st oven
sl changes in reflex amplitade cannot be considered ra be
gpecifically vr selecrively relared o the prepatatory PIOCESS,
IF a unilateral plantar flexion s prepared, contcabareral calf
Cinly
changes n amplitude af homalareral reflexes can b con-

muscles are Tikewise not ifvalved in the response.
crdered 1o be selecrnady pelared o che prepamtnry process,
| e lolbowing piciaee emerses fronn ontr dillerent studies
| Birunia, Scheirs, S Tlaagh 1982 sce also Figure B

v The warming stimulus i followed by an increase in
retlex amplitade, which s independent From the -

volverment w the respaonsc,

1=

T case ul umlareral plancar lexion, there 12a dilleren-
tial effect present in the second hall ol the foreperiod.
If the calf muscles are wrinwelved i the reipanst, the
retles amplitude s larger during the foreperind than

Jduring the inwertrial imterval, 1 the calf moseles wie

senlved o the respoise then the reflee amphrude s

slightty Targer for na differery Lo baseline.

Lmediarely tollowing the impeearve ool the dif-

{erennial eflect reverses: retlex wplioudes in the ireenbved

seles hecome Targer than 1o the unineelved auscles,

Berh are abeove bascline

4 T case of 4 upilateral Bnger Rexon. hoth call muscles
are wninvolved. Retex amphitudes emain luger this

Paseline.

5 fmnediarely fulleaing e mperative stmulos, 3 {ur-

et increase sakes pluce thar s comparahle o what
happens i the contralareral leg with & unilaccral plan-

rar e,

Ihe changes in reflex amplitude are independent of the
lerath of the lreperiod (Brunia 1983, Brunia et al, 19833
Preced ing 4 unilateral dorsiflexian of the foot, in which the
culi mseles are cunsidered uninvolved, reflex amphinudes
i Bk sides remain above baseline { Brunin 1984b),

It vs counterinmiicve that o pone of pur experiments
warn there any sign of increased reflex activity in the ago-
e, evens thougly indicarions of an increass in excirabilivy
wevmn 1o he present when the Lalf musdles are uninvalved.
Although these resubts mighe seem puzzling at first, if has
been hvpoihesized {Regquin & Paillard 1971 thar a presyn-
aptie nhibition of La afferents o the agnnist moraneuan
poust mmpghe e the cause o this phenomenun (see also
Bonenet et b 1981 Teumia e al. 19820, We have already dis-
it the slghe ncrease insuelace ERG wctivity found in
e genust bur nor i the concralaeral calf wnusele (Brun
3¢ Vimgerhoets 1980: Haagh & Brunia (yis;, This poinis ta
A mereased eeerabilicy i the agoinst maroeneuron puud,
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which is stronger than on the aninvelved side. Yet on the
nminvolved side there was an inepease 10 rellex amplivudes
compared to the control condition, poinfing o an RS
i1 excitabilire on Ut side, wo. The presynaptiv irihilai
rion of the lo afferencs from the agomist might be parl
of the preparutory Process, I8 [uncrion being the defense
of the moroneuran poel sgamnst pussibly disturbang inilin-
ences from the periphery, whivh might cause @ promaone
response, Thus, the absence ol a Facilication of the retlees
eyvokeed via the agonist motanearan povol might be the re-
cile ul a halanue berween an ingTease 1 excitabality wl the
cells ip the 3gonise MOCoIelron pool and the presured
presyiaplic inhibitiun of the la alferents Frovm Ll apnist
wor that same panl, We theretuse consider the retlex Hind-
ings 70 the aponist a8 lack of laciliration rather duan s
a s ul inhibicion {Heunia 198Eb),

Vhis interpreation is at variance with several piblica
ions af the Marseille group clasming that refexes evaked
e wnly in the agonise but also {sometimes) m the unit-
velved muscles show @ decrease in amphtude {Bonner al,
19481, Reguin, Lecas, & Bonnet 159%4: Beqaun el alo 19910
Vel in a large serics of expornnents we Jave never lound a
decrease 1 amplitude below baseline (Brunia 19R3, 1954k
Brumie & Vaister 1979 Brunia o al. 1482, Schers & Bao-
nin 1981, 1983)
|9%61 where the agonist wis deliberarely canrracted, In the

excepr in one study incheirs & Brunia
latter sriady a decrease was indeed present. This made us
conclude that reflexes are reliable estimators of apinad ox-
citability only when there 15 no hackgronnd EMOG acovity
in the agunist.  The divergent results between the Mar
seille group and ours wphe very well be relaced Lo this,
Moreover, the decrease in [ loreflex amplitude reporied by
Hequin et al. (1977, 1991 is at varianee with some of the
ather scudies of the same lab and of others. For example,
no such decrement was found during l-sec loreperiod
iHayes & Clacke 1975, Gllivan 19807, @ 2sec foreperiod
iSemjen & Buonnet 1982, or a 4sec foreperiad (Broni
M Nuister 1979, Bonnet sy did ner fod 2 decrense
i Fereflex amplitudes below baseline in a 1-sec foreperiod
preceding ballistic movement, and Bonner and Hequin
11982) reported that the M1 response, which 15 comparas
hle o the Foreflex, cemained ahove bascline as well, Thus,
although the results of a lage nuntber of experiments do
pot necessat iy poim o a racher genuralized inhibision, rhe
- that is. the dif-
ference in reflex amplitude between muscles involved and

very exisrence af the differencial effect

aninvolved in the response — i heyond doub, Srill, dts pre-
dicrive value for performance is questioned {Reguin et al,
19913 hecause the size of the effect 15 not correlated with
peqotion rime. O che conteary, in a Go—Mo-Guo exper-
5005, and 0%
i blocks, we found only a differensial eifect m the firse
candirion; in the last condition, mellex amplitudes behaved
25 uminvolved: thoy remained above baseline on borh sides
tBrunia & Buelhouwe 1988,

ment with response probablines ar 1%,
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300+ LEFT SOLEUS MUSCLE 4 agonist matonearous and prrosuni by

e ' the synergist moto 1% A
! R o 1 = 21 k . g SR e 2 U
500 | - NOM INVOLVED } 53 1.. q .Ilr.l..ul.u‘, ISt i
s ¢ ¢ premarare bring. Therne seems 10 he

'{ B _-.--ﬂ-‘i"h¢ 1

O i R .~ 2.5, [ atuletelEF 1l S no reason il rhac the prepars-
I B . ey process in the periphery docs

50 ¥ F perl ’
it S . T e than orpantaing ths sencral re

sponiEe patlern. In oy wordls, 1Y

LEFT PLANTAR FLENION RIGHT PLANTAR FLEXION ponse pactern: In other words, most
Eﬂﬂ[ al the preparation s prpanneed at 4

PERCEMTAGES

higher {presumably, carticall lesvel.

For the analysis of homan in
Frrmarion  proccssing., LS PR TOTS
minly studied  sesponses with the
lenib.

There s an oiwioos

thart.

upper

Feasun for since one hands
are pre-eminenthy thi inslruments w
use ra manipulate the world aronnd
stucies

fore, reflexes were investigarcd

us. Lo the mentioned Do
leges. Although rhese results may have
a degree of ecologieal validity with
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ments ol the uppee extremities. Thu

G‘WS RSWS .
o 23288°8
g § 3zzsg < ¥

Frggere f. bummary af the tesules nf & numnber af esperiments s which
Ackalles tondon retfexes were cupleed tilarerally m otk cals muoscles af
healthe sulijeces during the desee foreperiod of 4 reavtion rime rask.
[etlexes cvoled during che inrertrial neersal served as boscling, Lhe
respronscs womes (1 a lefr ar riphe dersiflexon of the foor Jlaply 12t a
befr e ryght planesn Hesion wf thee Tt fmaddlen; and (33 a buron press
wich the Tett ar rght index finger (orcem), Call mnscles are agomst
in & plams Hexion, Adter a phasi mensse in arnplriade follawimis ihe
warning stmalus, reflex amphitudes inoall cases peman alerve haselioe
wlien the muscle is ummvelaal o the response (hilateral w oand 3 and
urlateral in 2o Refleses evokel in the aponis e nor different fram
baselne. [n involved inuscles, che differennal cffe reverses wachin 100
imsee afer the imperaive stimulus There is 4 sharp increase o am-
plitde in the i lved muoscies and also (hough oo Jesnrst £RECATE L0

the uninvalved muscles,

The results of Haagh and Brunia (1984) pomnted o
an acovarion of o numbec af mustles o one and the
same leg, rather than o an activation of the aponist
alone, This mughe be related to a stabilizing of the knee
and the ankle joinr. We have oo experimental dara o
sugpest that the afferents from these muscles are also un-
der a presynapeic inhibiary conerol, although that seems
plavsible, Taken rogether, outcomes af the refles cxperi-
menes suggest that mogor preparabion accompanied by

an increase in eacitabilicy ol agonist motaneurons and of
)

soleus muscle plavs a role in rhe
maintenance ol posture, while arm
and hand are invulved n reaching

100 -

g and prasping, Cur efforts to staro a
@ senes of rellex seodies it Wl s

3500 -
Jrol -
800 -

Jes Failed because it 15 nor possible
Lo evake sufficiently stable reflexes over the necessary nunt
ber of trials w permir averaging. However, Bonner an
Fogquin (1942} were cuccessful in evoking long loop reflexes
iw arm inuscles. I g sudden steeieh woa lephaly tensed in-
volved muscle is evoked then rwo respunscs show up, M
and A2y M1 is comparable to the monosynaphic reflexes
discussed before and M2 is the long inop reflex, Uhe fArst
chowed an increase lollowed by a decrease, while M? was
sncreased during the whale foreperivd. ['he authers orer-
prered the decrease in M1 as due to presynaptie inhibition,
e second response was considered a s ol increased ex
citability of rthe sgonist moroneurons. Up o now, only 4
fow similar studics have been carried oot
Hasbroucg and associates (1997 used transcranial mags
netie stimulation o study changes in spanal excirability,
This stimulation induces the liing of cortval inrerncurons
that project tiv the corticofugal pyramidal tracy cells. The
response ubtained in the muscle is the motar-evoked poren-
Gal (MEP), which has two drawbacks: it is tphly vanahle
and it renders impossible any distincrion between cortal
and spinal contributions. During a short fureperind, the
Juthors Tound indications of a decrease 1n exeiLabiliey 1o
the agonist moroneuruns prior w arrival of the impera-

tive stimulus, How this relates 1o resulls altained with leg
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rellexes 15 not clear, T would be soteresting 1o replicare —
using this mew techmique 10 arm muscles  the series of

reflex studies discussed previously.

Epilogua

While a subject 15 waiting to respond, the arrval of
i imperarive stmulus 15 anticipared and rhe response is
prepared. It has been argued bece that hoth processes
are based upon a thalamo-cordeal stream of informanon
via different thalamic noueler Each thalame-corucal path-
way fincrions as a clannel thar transmics apecific sensury
ur motor ifarmacien o the relevant cortieal strueruees,
These channels are neither completely open nor complerely
closeds they can be gared via a control mechaniz in which
the Wi plays a crucial role. This nuclens overlaps the dil-
lerent sensory and motor thalmnic velay nocler and exerts a
liweal, topographically orpanized, inhibitory wiluence upon
them. The BN itsell is open for a generabized inhibition
rom the recicalar formation via the AR AR, as Skinner and
Yingling (1977) demonstrated lor the sensory muclei. We
claim that the same halds for the motor thalamic nocles.
Ihe peneralized iohibmon of the locally inhibitory RN
cells resnles in a geoeralized disinhibinom of cthe thalamic
rebay nwclei. This process is at the basis of an mercase
in the state of arousal: all gares are open, both sensory
and motor, The RN s alsa apen for an excitatory {roatal
conrral mechanism, o conteast to the influenee from the
reticular formanan, this is topographically organized and
s alloss for o Jocalized acrivation of the locally active in-
hibirion. The consequence of activiey in this system is the
clising of a pace. This mechanism s responsible for selec
tion in hoth the sensory and the mowor doman, A gare
I LRI 4,_||||_:.- if the excicarion from che [rontal cartex Jdnes
not show up. Mesther perception nor movement is possible
unless che relevant gates are open, An adequate respuonse
e No-Go or a Stop command could be realized via the
mmediare closing of the motor gates by frontal excirarion
of the Tocal inhibitars A acoary,

W e discussed resules of FRPs and refleses. Slow po-
rentials are a manifestation ol activity 10 one or Mo oo
rcal arcas, which are from moment o moment under the
wHience of subcartieal loops (via basal gangha ar cerebel-
It wid dillerent chalamic nucler. This subcortical inpur
in 4 necessary condition fur the slow waves o showe up.

The resules of reflex experiments suggest thar, during
th lised Foreperiod of reaction time experiments, a general
swerease 1 excitability is presene thar is more pronounced
i goinist and syvergists but is also present when aous-
cles wre not involved o the response. The lack of increase
i amplitude in cthe aponist is thought o be the result of
2 alanee herween an increase in excicability of cthe mo-
toncinrons and o smuolranecns presynapric inhibition af
the L ablesents leam the muoscles, Whether there s really
s nhiliton during the loreperiod with amphirudes be-
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loow baseline reovans an unsolved problem. We expect cha
transeranial magnetic stmulution will provide imporoane
tnformaran in the near future about changes in excitabliry
of motoneurons inarm and hand muscles,

HOTES

G [ M van Boseel i< supported by SOWO grans S75-63-0626,
I. Consistent wirh the convenoional plesting with aegaiv
ity npwanl = of these kinds of slow poteonals, we will
pse the cerms “maximum® oand wreater than™ o dennke
“most peganve” and “more negaiee than”™ frespectively)
and the terms “mimimmn™ aod “smaller shan™ modenore
“least neparive” and *less pegative than™ frespeetively
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