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V e rstyne n, T im othy, T a lia  Konkle , a nd R icha rd B . Ivry. T wo
typ e s  o f T M S - in d u ce d  m o ve m e n t va ria b ility  a fte r s tim u la tio n  o f th e
p rim a ry  m o to r co rte x .  J  N e u ro p h ys io l 9 6 : 1 0 1 8 - 1 0 2 9 ,  2 0 0 6 .  F irs t
p u b lish e d  M a y 3 ,  2 0 0 6 ; d o i:1 0 .1 1 5 2 /1 n .0 1 3 5 8 .2 0 0 5 .  U s in g  tra n scra -
nia l m a gne tic stim ula tion, we  studie d the  role  of the  prim a ry m otor
co rte x  ( M 1 )  in  re p e titive  m o ve m e n ts ,  e xa m in in g  w h e th e r th e  fu n c-
tio n a l co n trib u tio n  o f th is  re g io n  is  a sso c ia te d  w ith  co n tro llin g  re -
sp o n se  tim in g ,  re sp o n se  im p le m e n ta tio n ,  o r b o th .  In  tw o  e xp e rim e n ts ,
pa rticipa nts pe rform e d a  rhythm ic ta pping ta sk, a tte m pting to produce
iso ch ro n o u s in te rva ls  ( ra n g e  o f 3 5 0 - 5 5 0  m s)  w h ile  s tim u la tio n  w a s
a p p lie d  o ve r M 1  o r a  co n tro l s ite .  M 1  s tim u la tio n  w a s  a sso c ia te d  w ith
in cre a se d  va ria b ility  o f th e  in te r{a p  in te rva ls  ( IT I ) ,  a n d ,  b y  m a n ip u -
la tin g  s tim u la tio n  in te n s ity ,  w e  id e n tifie d  tw o  d is tin ct ch a n g e s  in
pe rform a nce : a  ge ne ra liz e d incre a se  in IT I va ria bility a nd a  de la y in
the  subse que nt re sponse  whe n the  pulse  fe ll w ithin a  re stricte d
w in d o w  p rio r to  m o ve m e n t o n se t.  U s in g  a  se rie s  o f s im u la tio n s ,  w e
de m onstra te  tha t the  ge ne ra l incre a se  in va ria bility a nd the  te m pora lly
sp e c ific  d e la y  re fle c t d isru p tio n  o f re sp o n se  im p le m e n ta tio n  p ro ce sse s
ra th e r th a n  a n  in cre a se  in  n o ise  a sso c ia te d  w ith  re so o n se  tim in s .

I N T R O D U C T I O N

R e pe titive  m ove m e nts ha ve  prove n  use fu l fo r inve stiga ting
the  m e cha n ism s be h ind  m otor p la nn ing  a nd  e xe cution  (K e e le
a nd  Ivry  1 9 8 9 ) .  W hile  pe op le  a re  fa c ile  in  m a tch ing  a n  e xte r-
na lly  spe cifie d  ra te ,  a na lyse s o f the  te m pora l va ria b ility  ha ve
provide d  insight in to  the  unde rly ing  com pone nt proce sse s.  A n
im porta nt d istinction  ha s be e n  m a de  be tw e e n  va ria b ility  a sso-
c ia te d  w ith  proce sse s de te rm in ing  w he n  a  re sponse  shou ld  be
produce d  ( i.e . ,  ce ntra l tim ing  syste m s)  a nd  va ria b ility  a ssoci-
a te d  w ith  proce sse s invo lve d  in  e xe cuting  tha t re sponse  ( i.e . ,
im ple m e nta tion  syste m s)  ( se e  V orbe rg  a nd  W ing  1 9 9 6 ; W ing
a nd  K risto ffe rson  1 9 7 3 ) .  D istingu ish ing  the se  proce sse s is  o f
ge ne ra l im porta nce  to the  study of m otor control.  F or e xa m ple ,
e va lua ting the  e rrors tha t occur during m ove m e nt ca n be  use ful
in m odifying a  ce ntra l re pre se nta tion of the  m otor pla n if the
e rror a rise s from  no ise  in  ce ntra l p la nn ing  syste m s (e .g . ,
Kording a nd W olpe rt 2 0 0 4 ).If ,  howe ve r, the  e rrors re sult from
noisy re sponse  im ple m e nta tion, the n a djustm e nts to the  ce ntra l
p la n  cou ld  le a d  to  poore r pe rform a nce .

S e ve ra l a na lytic  te chn ique s ha ve  be e n  de ve lope d  to  iso la te
va ria bility a rising from  the se  two com pone nt proce sse s ( Ivry
a nd  H a z e ltine  1 9 9 5 ;,  P re ssing  1 9 9 8 ; V orbe rg  a nd  W ing  1 9 9 6 ) .
Assum ing tha t the se  com pone nts a re  inde pe nde nt of e a ch
othe r,  W ing  a nd  K risto ffe rson  (1 9 7 3 )  show e d tha t im ple m e n-
ta tion va ria bility ca n be  e stim a te d by the  cova ria nce  be twe e n
succe ssive  in te rva ls .  B y subtra cting  th is  e stim a te  from  to ta l
va ria bilitv. the  re m a inde r orovide s a n e stim a te  of ce ntra l va ri-

a bility. T he y te rm e d this la tte r com pone nt, "clock" va ria bility;
how e ve r,  it subsum e s a ll p roce sse s upstre a m  from  the  po in t o f
re sponse  im ple m e nta tion a nd thus a  m ore  a ppropria te  la be l is
"ce ntra l" va ria b ility  ( se e  Ivry  a nd  H a z e ltine  1 9 9 5 ) .

T h is  d istinction  be tw e e n  ce ntra l a nd  im ple m e nta tion  va ri-
a bility ha s be e n supporte d by studie s of pa tie nts w ith va rious
ne uro log ica l d isorde rs.  P e riphe ra l ne uropa th ie s se le ctive ly  in -
cre a se  e stim a te s o f re sponse  im ple m e nta tion  va ria b ility  ( Ivry
a nd  K e e le  1 9 8 9 ) .  In  contra st,  da m a ge  to  the  m e dia l a nd  la te ra l
portions of the  ce re be llum  se le ctive ly disrupts im ple m e nta tion
a nd  ce ntra l va ria nce ,  re spe ctive ly  ( Ivry  e t a l.  1 9 8 8 ; se e  a lso ,
F ra nz  e t a l.  1 9 9 6 ) a lthough a lte rna tive  functiona l distinctions
be tw e e n  subre g ions o f the  ce re be llum  ha ve  be e n  propose d
(H a rrington e t a L.2 0 0 4 ). A lthough the  pe rform a nce  of pa tie nts
with cortica l le sions ha s a lso be e n e va lua te d w ithin the  fra m e -
w ork o f the  tw o-proce ss m ode l (H a lsba nd  e t a l.  1 9 9 3 ; H a r-
ring ton  a nd  H a a la nd  1 9 9 9 ; Ivry  a nd  K e e le  1 9 8 9 ) ,  the se  stud ie s
ha ve  e xclude d  pa tie n ts  w ith  le s ions o f the  m otor corte x g ive n
the ir he m ipa re sis .  T h is  le a ve s ope n  the  que stion  o f w he re  the
m otor corte x fits w ithin the  dichotom y of ce ntra l a nd im ple -
m e nta tion  proce sse s.

A priori,  one  m ight suppose  tha t disruption of the  m otor
corte x w ould  se le ctive ly  incre a se  im ple m e nta tion  va ria b ility
give n the  de nsity of the  de sce nding proje ctions from  the  m otor
corte x to  the  sp ina l m otor ne urons ( fo r re v ie w ,  se e  G e ye r e t a l.
2 0 0 0 ) .  H ow e ve r,  re ce nt physio log ica l s tud ie s in  a n im a ls  (G ra -
z ia no  e t a I .2 0 0 2 ; P a n inski e ta l.2 0 0 4 )  a nd  hum a ns (K a rn i e t a l.
1 9 9 8 ; M ue lle ba che r e t a l.  2 0 0 2 )  po in t to  a  critica l ro le  o f the
prim a ry m otor corte x in m otor pla nning a nd le a rning. T he se
re su lts  le a ve  ope n  the  possib ility  tha t the  prim a ry m otor corte x
m a y not sim ply function a s the  "m a rione tte  strings" for lim b
m ove m e nts,  bu t ra the r m a y a lso  contribute  to  h ighe r le ve l
com puta tions re qu ire d  for se le cting  a nd  p la nn ing  coord ina te d
a ctions such  a s m ove m e nt tim ing .  T o  e va lua te  the  contribution
of the  prim a ry m otor corte x (M l)  in  re sponse  tim ing  a nd
e xe cution ,  w e  use d  tra nscra n ia l m a gne tic  stim ula tion  (T M S )  to
brie fly disrupt M 1  while  pa rticipa nts produce d re pe titive  finge r
m ove m e nts.

M E T H O D S

P a rticipa nts

T w e n ty- o n e  p e o p le  ( 1 3  m a le ,  a ll rig h t h a n d e d ) ,  in c lu d in g  tw o  o f th e
a uthors, pa rticipa te d in the  study. A ll of the  pa rticipa nts e xce pt the
a uthors we re  fina ncia lly com pe nsa te d for the ir tim e . T he  study wa s
a pprove d by the  C om m itte e  for the  P rote ction of H um a n S ubje cts a t
U C  B e rke le y .

Addre ss for re print re que sts a nd othe r corre sponde nce : T .  V e rstyne n, D e pt.
of P sychology, U nive rsity of C a lifornia ,  Be rke le y,  C A 9 4 7 2 0  (E -m a il:
tim o th yv@  g m a il. co m ) .

T he  costs ofpublica rion ofthis a rticle  w e re  de fra ye d in pa rt by the  pa ym e nt
of pa ge  cha rge s. T he  a rticle  m ust the re fore  be  he re by m a rke d "a dve nise m e nt"
in  a cco rd a n ce  w ith  1 8  U . S . C .  S e c tio n  1 7 3 4  so le lv  to  in d ica te  th is  fa c t.
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E xpe rim e nta l ta sk

W h ile  se a te d ,  p a rtic ip a n ts  ta p p e d  w ith  th e ir rig h t in d e x  fin g e r o n  a
te le g ra p h - s ty le  re sp o n se  ke y .  T h e  e lb o w  a n d  w ris t w e re  u n co n -
s tra in e d .  M o ve m e n ts  w e re  re stric te d  to  fle x io n - e xte n s io n  o f th e  in d e x
fin g e r,  w ith  th e  re sp o n se  b o x  p o s itio n e d  o n  a n  a d ja ce n t ta b le  su rfa ce .
T im in g  o f th e  re sp o n se s ,  p a c in g  to n e s ,  a n d  T M S  p u lse s  w e re  co n -
tro lle d  b y  a  d e skto p  co m p u te r w ith  m illise co n d  a ccu ra cy .

T h e  b a s ic  tria l sch e m a tic  is  sh o w n  in  F ig .  1 A .  E a ch  tria l co n s is te d
o f a  syn ch ro n iz a tio n  p h a se  fo llo w e d  b y  a n  u n p a ce d  p h a se .  D u rin g
synchroniz a tion, the  pa rticipa nt ta ppe d a long w ith a n a uditory m e tro-
n o m e  ( 1 ,0 0 0  H z ,  1 0 - m s d u ra tio n )  fo r 1 0  in te rva ls .  T h e  m e tro n o m e
wa s the n te rm ina te d, a nd the  pa rticipa nt continue d ta pping until the y
h a d  p ro d u ce d  a n  a d d itio n a l 3 1  u n p a ce d  in te rva ls .  A  lo n g  to n e  ( 1 0 0
H z ,  1 ,0 0 0  m s)  s ig n a le d  th e  e n d  o f th e  tria l.  F e e d b a ck  a t th e  e n d  o f th e
tria l in d ica te d  th e  m e a n  +  S D  o f th e  in te r{a p - in te rva ls  ( IT Is ) .

T M S  de vice

T M S  w a s a p p lie d  w ith  a  N e o P u lse  s tim u la to r ( N e o T o n u s)  u s in g  a
7 0 - m m ,  iro n - co re d ,  fig u re - 8  co il ( E p ste in  a n d  D a ve y  2 0 0 2 ) .  F o r M l
stim ula tion tria ls,  the  coil wa s pla ce d ove r the  sca lp a t the  site  optim a l
for e liciting m otor-e voke d pote ntia ls (M E P s) in the  first dorsa l in-
te ro sse o u s ( F D I )  m u scle  o f th e  rig h t h a n d  a n d  o rie n ta te d  a r a n  - 4 5 "
a n g le  fro m  th e  m id sa g g ita l lin e .  F o r co n tro l s tim u la tio n ,  th e  co il w a s
pla ce d ove r the  sca lp a t a pproxim a te ly the  m e dia l junction of the
o cc ip ita l a n d  p a rie ta l lo b e s  ( se e  F ig .  1 8 )  w ith  a n  o rie n ta tio n  p o in tin g
dire ctly to the  fronta l pole . T his loca tion wa s se le cte d a s a  control
g ive n  its  p o ste rio r p o s itio n  to  re g io n s  im p lica te d  in  m o ve m e n t p la n -
n in g  a n d  co n tro l,  e sp e c ia lly  u n d e r co n d itio n s  w ith o u t v isu a l g u id a n ce
( M e d e n d o rp  e t a l.  2 0 0 3 ) .

P roce dure s for e xpe rim e nt I

E le ve n  o f th e  2 1  p a rtic ip a n ts  w e re  te s te d  in  e xp e rim e n t 1 .  T h e se
pa rticipa rts ta ppe d a t two ta rge t inte rva is: a  fa st pa ce  (3 5 0  m s) a nd a
s lo w  p a ce  ( 5 5 0  m s) .  T h e  e xp e rim e n t w a s  d iv id e d  in to  tw o  b lo cks ,  o n e
for e a ch ta rge t inte rva l w ith the  orde r of the  two ra te s counte rba la nce d
a cro ss  p a rtic ip a n ts .  E a ch  b lo ck  co n sis te d  o f 2  p ra ctice  tria ls  w ith o u t
T M S  a n d  2 4  te s t tria ls  w ith  T M S .  H a lf o f th e  te s t tria ls  in vo lve d
stim u la tio n  o ve r th e  M l s ite  a n d  th e  o th e r h a lf o ve r th e  co n tro l s ite
( m e d ia l o cc ip ita l lo b e  n e a r th e  o cc ip ita l- p a rie ta l ju n ctio n ,  se e  F ig .  1 B ) .
T he  stim ula tion site  for a  give n tria l wa s ra ndom ly de te rm ine d w ith
the  constra int tha t no m ore  tha n two conse cutive  tria ls we re  a t the
sa m e  s ite .  T M S  w a s o n ly  a p p lie d  d u rin g  th e  u n p a ce d  p h a se .  T h e
inte r-pulse  inte rva ls we re  se le cte d a t ra ndom  from  a  unifom  distri-
b u tio n  ra n g in g  b e tw e e n  1  a n d  2 .5  s .  T h e  tim in g  o f th e  p u lse s  w a s
in d e p e n d e n t o f th e  p a rtic ip a n t's  ta p p in g  re sp o n se s .

E stim a ting the  sca lp loca tion of the  control site  wa s pe rform e d
u sin g  a  m a g n e tic  re so n a n ce  im a g in g  ( M R l) - b a se d  s te re o ta x ic  lo ca l-

P a ce r to n e s

iz a tio n  syste m  ( B ra in S ig h t,  R o g u e - R e se a rch )  th a t ta ke s  in to  a cco u n t
in d iv id u a l va ria tio n  in  b ra in  a n a to m y.  P a rtic ip a n ts  w h o  h a d  p a rtic i-
pa te d in functiona l im a ging studie s a t U C  Be rke le y a nd we re  w illing
to provide  a cce ss to the ir a na tom ica l M R I im a ge s we re  re cruite d. T he
optim a l site s for M l a nd control stim ula tion we re  m a rke d a nd coil
p o s itio n  w a s  m o n ito re d  th ro u g h o u t th e  e xp e rim e n t u s in g  th e  s te re o -
ta x ic  syste m .

T o  d e te rm in e  th e  s tim u la tio n  le ve l,  th e  m o to r th re sh o ld  w a s  d e fin e d
a s  th e  in te n s ity  re q u ire d  to  p ro d u ce  > 5 0  p V  M E P s in  th e  E M G  tra ce s
from  the  F D I m uscle  a t re st on 5 0 7 o of the  tria ls in a  1 0 -tria l se rie s.
T h e  ta rg e t T M S  in te n s ity  w a s  se t a t a  le ve l h a lfw a y  b e tw e e n  th is
thre shold a nd the  inte nsity re quire d to produce  visua lly obse rva ble
p e rtu rb a tio n s  o f th e  fin g e r ( ra n g e : 3 8 - 6 5 %  m a xim u m  stim u la to r
o u tp u t; M S O ) .  B e ca u se  th is  e xp e rim e n t w a s  n o t d e s ig n e d  to  te s t th e
u n d e rly in g  p h ys io lo g ica l m e ch a n ism s m e d ia tin g  M l T M S - in d u ce d
ta p p in g  va ria b ility ,  w e  o p te d  fo r th is  s tim u la tio n  le ve l a s  a  co m p ro -
m ise  proce dure  to e nsure  tha t stim ula tion would produce  de sce nding
volle ys to the  m uscle  while  m inim iz ing a ctua l pe rturba tions of the
finge r during ta pping. N ote  tha t during the  e xpe rim e nt, T M S  wa s
a p p lie d  d u rin g  a ctive  m o ve m e n t,  w h e re a s  o u r th re sh o ld  w a s  d e te r-
m ine d a t re st.  I f m otor thre sholds de cre a se  during m ove m e nt (S ta lr e t
a l.  1 9 8 8 ) ,  o n e  w o u ld  e xp e ct co n s is te n t fin g e r p e rtu rb a tio n s  d u rin g  th e
e xp e rim e n t.  H o w e ve r,  p a rtic ip a n ts  ra re ly  re p o rte d  e xp e rie n c in g  a n
ove rt finge r pe rturba don like ly due  to the  fa ct tha t m odula tion of M 1
e xcita bility is conside ra bly lowe r during rhythm ic m ove m e nts com -
p a re d  w ith  d iscre te  m o ve m e n ts  ( C a n o ll e t a l.  2 0 0 6 ) .

P roce dure s for e xpe rim e nt 2

ln e xpe rim e nt 2 ,  thre e  stim ula tion inte nsitie s we re  use d to te st the
e ffe cts of stim ula tion le ve l on ta pping va ria bility.  T o re duce  va ria bil-
ity in our thre shold e stim a te s, the  a ctive  m otor thre shold wa s de te r-
m in e d  w ith  th e  F D I  co n tra cte d  a t l5 V o  o f m a xim u m  vo lu n ta ry  co n -
tra ctio n .  A s  w ith  e xp e rim e n t. l,  th e  m o to r th re sh o ld  w a s  d e te rm in e d  a s
th e  p o in t a t w h ich  T M S  p u lse s  e lic ite d  a  M E P  in  th e  F D I  m u scle  o n
5 0 V o  o f th e  tria ls .  M E P s w e re  e a s ily  id e n tifie d  v isu a lly  a s  a  tra n s ie n t
in cre a se  o ve r b a ckg ro u n d  E M G  a fte r th e  T M S  p u lse .  T e st s tim u la tio n
in te n s itie s  w e re  se t to  8 5 7 o ,  ( 1 o w ; M S O  ra n g e : 2 9 - 4 O V o ) ,  1 0 5 7 o
( m e d iu m ; 3 5 - 4 8 7 o ) ,  a n d  7 2 5 7 a  ( h ig h : 4 4 - 5 9 7 o )  o f th is  th re sh o ld ,
g iv in g  s ix  tria l typ e s  ( 3  T M S  in te n s ity  le ve ls  X  2  s tim u la tio n  s ite s ) .
P a rticipa nts ta ppe d a t a  ta rge t inte rva l of 4 5 0  m s for i0  blocks of six
tria ls  e a ch .  E a ch  tria l typ e  w a s  te s te d  w ith in  a  s in g le  b lo ck  w ith  th e
o rd e r o f th e  tria l typ e s  ra n d o m iz e d .  In  a d d itio n ,  th e  T M S  p u lse s  w e re
d e live re d  le ss  fre q u e n tly  th a n  in  e xp e rim e n t 1  w ith  a n  in te r- p u lse
in te rva l ra n g in g  u n ifo rm ly  b e tw e e n  1 .5  a n d  3  s .

G ive n tha t the  prim a ry m otor corte x ca n be  functiona lly loca liz e d
b y m o n ito rin g  d is ta l m u scle  re sp o n se s  a n d  th a t th e  lo ca tio n  o f th e
control site  in e xpe rim e nt 1  wa s found to be  fa irly consiste nt a cross
subje cts, we  did not pe rform  ste re ota xic loca liz a tion for e xpe rim e nt 2 .
T he  loca tion of the  control site  in e xpe rim e nt 2  wa s 1 0  cm  poste rior
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I 0  pa ce d ta ps 3 2  u n p a ce d  ta p s

F rc. l.  M e thods. A : e a ch tria l be ga n w ith a  se rie s of i0  pa ce d ta ps during w hich pa rticipa nts ta ppe d in synchrony w ith a  m e tronom e . A fte r this

synchroniz a tion pha se , pa rticipa nts produce d a n a dditiona l 3 2  ta ps w ithout the  m e tronom e . D uring this unpa ce d pe riod, tra nscra nia l m a gne tic stim ula tion (T M S )

pulse s w e re  de live re d ove r the  prim a ry m otor corte x or a  control site ,  the  m e dia l occipita l-pa rie ta l junction. T he  tim ing of the  T M S  pulse s w a s ra ndom iz e d so

tha t the  sounds from  the  stim ula tor w ould not form  a  com pe ting rhythm . B: ta rge te d cortica l loca tions for stim ula tion show n on the  m a gne tic re sona nce  im a ging
(M R I)  of I  of the  pa rticipa ns.In e xpe rim e nr -1 ,  ide ntifica tion of the  sca lp position for the  control re gion w a s de te rm ine d on a n individua l ba sis using a  ste re ota xic

loca liz a tion syste m . In e xpe rim e nt 2 ,  this position w a s e stim a te d on the  sca lp re la tive  to the  ve rte x ba se d on the  a ve ra ge  dista nce  for pa rticipa nts rn e xpe rim e nt

1 .  P rim a ry m otor corte x (M 1 )  w a s ide ntifie d functiona lly in both e xpe rim e nts.  T his position w a s m a rke d on the  a na tom ica l M R I im a ge s for pa rticipa nts in

e xpe rim e nt 1  a nd use d to m a inta in the  position of the  stim ula tor sim ila r to w ha t w a s done  on control tria ls.

R a n d o m  T M S  P u lscs
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to the  ve rte x ( the  m e a n position in e xpe rim e nt 1 ) .  As in e xpe rim e nt I ,
stim ula tion ove r this re gion produce d the  sa m e  a uditory a nd som a to-
se nsory e ffe cts a s M 1  stim ula tion but wa s not e xpe cte d to influe nce
ta pping pe rform a nce . P a rticipa nts wore  a  cloth ca p tha t wa s tightly
fitte d a round the  sca lp on which the  two stim ula tion site s we re
m a rke d.

T o  re la te  th e  e ffe c t o f T M S  to  m o ve m e n t p h a se  w ith in  e a ch  cyc le ,
E M G  signa ls we re  re corde d from  F D I a nd the  e xte nsor indicis
proprius (E IP )  m uscle  throughout the  e xpe rim e nt. A lthough not be ing
th e  p rim a ry  a g o n is t fo r in d e x  fin g e r ta p p in g ,  F D I  w a s  ch o se n  b e ca u se
it provide s a  stronge r a nd cle a ne r E M G  signa l tha n de e pe r, e xtrinsic
fin g e r fle xo r m u scle s .  P ilo t te s ts  re ve a le d  th a t F D I  a c tiva tio n  w a s
coincide nt w ith fle xion of the  inde x finge r. P a rticipa nts we re  in-
structe d to ta p w ith a  ha nd posture  tha t m a xim iz e d the  E M G  signa l
from  both m uscle s, ke e ping the ir inde x finge r re la tive ly stra ight,  a nd
producing brisk downwa rd stroke s for e a ch ta p w ith a  brie f pa use
b e tw e e n  ta p s .  A  th ird  e le c tro d e  w a s  p la ce d  o n  th e  b a ck  o f th e  n e ck  to
re cord the  tim ing of the  T M S  pulse s on the  sa m e  tra ce s a s the  E M G
re co rd s .  A ll E M G  d a ta  w e re  co lle c te d  u s in g  b ip o la r su rfa ce  e le c tro d e s
(D e lsy)  a nd sa m ple d a t a  ra te  of 4  kH z .

D a ta  a n a lys is

T he  da ta  a na lysis wa s re stricte d to the  3 1  IT Is produce d during the
unpa ce d pha se  of e a ch tria l.  T ria ls conta ining a n IT I tha t wa s gre a te r
or le ss tha n 4 O V o of the  ta rge t inte rva l we re  disca rde d on the  a ssum p-
tion tha t the se  corre sponde d to unre giste re d ta ps or m e cha nica l
"bounce s" of the  re sponse  ke y. F our pa rticipa nts (2  in e xpe rim e nt I
a nd 2  in e xpe rim e nt 2 )  we re  e xclude d from  the  fina l a na lysis be ca use
the y fa ile d to produce  a t le a st six a na lyz a ble  tria ls in one  of the
e xp e rim e n ta l co n d itio n s .  F o r th e  re m a in in g  p a rtic ip a n ts ,  o n  a ve ra g e
5 7 o  o f tria ls  w e re  e xc lu d e d .

P rior to e stim a tion of the  a utocova ria nce  functions, 1 ( .) ,  the  IT I
tim e  se rie s for e a ch tria l wa s de tre nde d ba se d on a  sim ple , le a st-
sq u a re s  lin e a r re g re ss io n .  W h ile  th is  p ro ce d u re  cre a te s  a  s ta tio n a ry
tim e  se rie s of IT Is,  the  a ve ra ge  re gre ssion coe fficie nt wa s quite  sm a ll,
sim ila r to tha t obse rve d in pre vious studie s w ith this num be r of
in te rva ls  ( se e  M a d iso n  2 0 0 1 ) .  T h u s  th e  d e tre n d in g  p ro ce d u re  h a d
m in im a l e ffe c t o n  th e  co m p o n e n t e s tim a te s .  T h e  fu n ctio n  {. )  w a s
e stim a te d using a n a utocova ria nce  routine  in M AT LAB which sca le s
th e  cro ssco va ria n ce  fu n ctio n  b y  th e  in ve rse  o f th e  n u m b e r o f la g s  ( i. e . ,
-  1 /5 ) .  N o corre ction wa s pe rform e d for pote ntia l bia s in the  a utoco-
va ria n ce  e stim a to rs .  F o llo w in g  th e  W in g - K ris to ffe rso n  m o d e l ( 1  9 7 3 ) ,
e s tim a te s  o f th e  to ta l va ria n ce  ( y  ( 0 ) ) ,  re sp o n se - im p le m e n ta tio n  co m -
p o n e n t ( 7 ( 1 ) )  a n d  ce n tra l- tim e r co m p o n e n t ( . t( 0 )  - 2 * y  ( 1 ) )  w e re  th e n
ca lcu la te d .

T he  E M G  signa ls in e xpe rim e nt 2  we re  re ctifie d a nd low-pa ss
filte re d (5  H z )  using a  Butte rworth filte r.  T he  tim ing of the  T M S
pulse s wa s ide ntifie d from  the  ne ck e le ctrode  using a  crite rion tha t a
T M S  pulse  occurre d whe n the  signa l e xce e de d 3  S D s from  the
b a ckg ro u n d  n o ise  o f th e  E M G  s ig n a l.  In te n s ity  o f th e  E M G  s ig n a l
prior to e a ch pulse  wa s e stim a te d by ta king the  root m e a n squa re
( R M S )  o f firs t 4 0  sa m p le s  ( 1 0  m s)  p rio r to  th e  p u lse .  T h e  d a ta
colle cte d from  the  re sponse  ke y we re  a ligne d to the  E M G  signa ls by
co-re giste ring the  tim e  sta m ps of the  first T M S  pulse  in e a ch tria l a nd
visua lly confirm ing the  a lignm e nt of the  two se rie s.

T he  e ffe cts of condition on tota l a nd com pone nt va ria nce s we re
de te rm ine d using sim ple  univa ria te  AN O V A w ith e ithe r tota l,  ce ntra l,
or im ple m e nta tion va ria nce s a s the  de pe nde nt va ria ble s. W he n
n e e d e d ,  p a ire d  sa m p le  t- te s ts  w e re  u se d  fo r p o st h o c  a n a lyse s  to  a sse ss
th e  e ffe c ts  o f T M S  stim u la tio n .

S im u la tio n  p ro ce d u re

C o m p u te r s im u la tio n s  w e re  co n d u cte d  to  m o d e l th e  in cre a se  in
va ria b ility  in d u ce d  b y  T M S  stim u la tio n  o f th e  m o to r co rte x .  T h e
tw o - p ro ce ss  W in g - K ris to ffe rso n  m o d e l fo rm e d  th e  b a s is  o f a ll o f th e
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sim ula te d m ode ls w ith va ria tions a dde d to te st diffe re nt wa ys in which
T M S  m ight disrupt pe rform a nce . T he re  we re  a  tota l of se ve n fixe d
pa ra m e te rs in the  sim ula tion, a lthough som e  pa ra m e te rs we re  se t to
z e ro for ce rta in m ode ls. T wo of the  pa ra m e te rs we re  ba se d on our
e xp e rim e n ta l d e s ig n : e a ch  s im u la te d  tim e  se rie s  co n s is te d  o f I )  3 2
ta p s  o r 3 1  in te rva ls  a n d  2 )  th e  fre q u e n cy  o f th e  s im u la te d  T M S  p u lse s
wa s ba se d on the  sa m e  a lgorithm  a s in the  e xpe rim e nt. T hre e  pa ra m -
e te rs  w e re  re q u ire d  to  s im u la te  th e  b a s ic  m o d e l: th e se  in c lu d e d : 3 )  th e
va ria n ce  o f th e  im p le m e n ta tio n  co m p o n e n t,  4 )  th e  va ria n ce  o f th e
ce ntra l com pone nt,  a nd 5 )  the  corre la tion 0 , be twe e n a dja ce nt im ple -
m e nta tion re sponse s. V a lue s for the se  pa ra m e te rs we re  ta ke n from  the
group a ve ra ge d da ta  of the  control condition in e xpe rim e nt 2 .  T wo
pa ra m e te rs we re  use d to m ode l the  e ffe cts of T M S : 6 )  the  loca l-de la y
function use d to ca lcula te  the  T M S -induce d de la y a s a  function of the
tim e  be twe e n the  pre vious ta p a nd the  T M S  pulse ; a nd I  the  ge ne ra l
incre a se  in va ria nce , ca lcula te d a s the  re sidua l va ria nce  a fte r the
loca l-de la y ha s be e n ta ke n into a ccount. T he se  pa ra m e te rs we re
obta ine d from  the  group a ve ra ge d da ta  of the  M l condition in
e xpe rim e nt 2  (se e  IT I a na lysis) .

A  tria l w a s  s im u la te d  b y  g e n e ra tin g  a  se t o f 3 1  in te rva ls ,  w h e re  e a ch
inte rva l wa s de fine d a s

IT I  : C ,  +  R I  R I_ ,

T he  te rm s C , a nd R , a re  norm a l ra ndom  va ria ble s, corre sponding to
the  tim e  be twe e n ce ntra lly e m itte d control signa ls a nd im ple m e nta tion
tim e  of the se  com m a nds re spe ctive ly. E a ch inte rva l is com pose d of
one  ce ntra l inte rva l a nd two im ple m e nta tion tim e s, corre sponding to
the  ta ps tha t initia te  a nd te rm ina te  tha t inte rva l.  T he  nota tion R fre fe rs
to the  fa ct tha t succe ssive  im ple m e nta tion sa m ple s m a y be  corre la te d,
R l* r : R ,+ r *  0  R f (w ing 1 9 7 7 ) .  T he  sta nda rd W ing a nd Kristof-
fe rso n  m o d e l a ssu m e s th a t 0  : 0 .

W e  s im u la te d  5 ,0 0 0  tria ls  fo r e a ch  m o d e l.  T h e  a u to co va ria n ce
function wa s ca lcula te d by a ve ra ging a cross the se  sim ula te d tria ls.
Afte r sim ula ting the  control condition to confirm  the  va lidity of the
sim ula tion proce dure , six m ode ls we re  te ste d to e va lua te  diffe re nt
w a ys  in  w h ich  T M S  co u ld  in cre a se  va ria b ility .  E a ch  m o d e l w a s  te s te d
a t tw o  s tim u la tio n  in te n s itie s ,  m e d iu m  a n d  h ig h ,  w ith  th e  e ffe c t o f
inte nsity re stricte d to the  two T M S -re la te d pa ra m e te rs. T he  root m e a n
squa re d diffe re nce  be twe e n the  sim ula te d a nd obse rve d a utocova ri-
a n ce  fu n ctio n s  fo r la g s  0  th ro u g h  5  w a s  u se d  a s  a  g o o d n e ss- o f- fit
m e a sure .

R E S U L T S

E xp e rim e n t I : T M S  o ve r p rim a ry  m o to r co rte x  in cre a se s
ta pping va ria bility

T he  goa l of the  first e xpe rim e nt wa s to de te rm ine  whe the r
T M S  stim u la tio n  o f M l w o u ld  in cre a se  va ria b ility  d u rin g
re pe titive  ta pping. Assum ing tha t such a n incre a se  wa s ob-
se rve d, we  sought to de te rm ine  whe the r the  e ffe ct wa s a ssoci-

a te d  w ith  in cre a se d  n o ise  in  ce n tra l p ro ce sse s ,  re sp o n se  im p le -
m e n ta tio n  p ro ce sse s ,  o r b o th .  T o  th is  e n d ,  w e  a n a lyz e d  to ta l
va ria b ility  a n d  co m p o n e n t e s tim a te s  u s in g  th e  tw o - p ro ce ss
W ing-Kristoffe rson m ode l (W ing a nd Kristoffe rson 1 9 7 3 ) .

P a rticipa nts we re  a ble  to a ccura te ly m a inta in the  ta rge t ra te
o n ce  th e  m e tro n o m e  w a s te rm in a te d .  O ve ra ll,  th e  m e a n  ta p p in g

inte rva l during the  unpa ce d pha se  wa s 3 4 4  a nd 5 2 9  m s for the

co n tro l co n d itio n s ,  in  w h ich  th e  m e tro n o m e - d e fin e d  in te rva l
w a s  3 5 0  a n d  5 5 0  m s re sp e ctive ly .  T M S  s tim u la tio n  o ve r th e
prim a ry m otor corte x (M 1 ) did not produce  a  cha nge  in the
m e a n ta pping inte rva l ( fa st pa ce  : 3 4 4 , slow  pa ce  : 5 2 8 ) .

W e  firs t e xa m in e d  th e  d a ta  fro m  th e  co n tro l co n d itio n s  to
a sse ss  th e ir co n fo rm ity  to  th e  b a s ic  a ssu m p tio n s  o f th e  W in g -

K ris to ffe rso n  m o d e l.  A s  p re d ic te d  b y  th e  m o d e l,  th e  la g  I  w a s

J N e urophysiol -  vol 9 6  .  S E P T E M BE R  2 0 0 6  .  w w w .Jn.org



ne ga tive  fo r a ll l8  ind iv idua l cova ria nce  functions (9  pa rtic i-
pa nts  X  2  ra te s) .  M ore ove r,  fo r a ll la gs > 1 ,  the  cova ria nce  d id
not signiflca ntly diffe r from  z e ro for both the  fa st a nd slow
ra te s (a ll P 's  >  0 .0 5 ) .  G ive n  th is ,  w e  use d  the  sta nda rd
tw o-proce ss m ode l to  obta in  e stim a te s o f ce ntra l a nd  im ple -
m e nta tion  va ria b ility  (F ig .  2 ) .

As e xpe cte d, tota l va ria bility wa s gre a te r for the  longe r
in te rv a l,  f ( 1 , 8 )  :  3 2 . 9 3 ,  P  <  0 . 0 0 1 ,  re p lic a tin g  th e  w e ll-
e sta blishe d finding tha t tim ing va ria bility incre a se s a s the  m e a n
produce d  in te rva l incre a se s (e .g . ,  G ibbon  e ta l.1 9 9 l; Ivry  a nd
H a z e ltine  1 9 9 5 ; K ille e n  a nd  W e iss 1 9 8 7 ) .  M ore ove r,  the  du-
ra tion-de pe nde nt incre a se  wa s lim ite d to the  e stim a te  of ce ntra l
va ria b ility ,  F (1 ,8 )  : 1 6 .2 9  P  <  0 .0 0 4 .  W hile  the  m e a n  va lue s
sugge st a  sim ila r re la tionship for the  e stim a te  of im ple m e nta -
tion  va ria b ility ,  th is  va lue  d id  not d iffe r s ign ifica ntly  be tw e e n
the  s low  a nd  fa st cond itions,  f( 1 ,8 )  : 3 .5 9  P  : 0 .0 9 5 .

W e  ne xt conside r the  e ffe cts of T M S  on pe rform a nce . A  first
conce rn  is  w he the r T M S  produce d  a ny ge ne ra l cha nge s in
pe rform a nce ,  inde pe nde nt o f s tim ula tion  s ite .  A lthough w e  d id
not include  a  no-stim ula tion  contro l,  pe rform a nce  during  con-
tro l s tim ula tion  in  the  curre nt e xpe rim e nt w a s s im ila r to  tha t
re porte d  in  pre vious stud ie s using  s im ila r p ro toco ls  ( e .g . , Ivry
a nd  H a z e ltine  1 9 9 5 W ing  1 9 8 0 ;) .  T hus it doe s not a ppe a r a s if
the re  is a  ge ne ra liz e d disruptive  e ffe ct of control T M S  on
pe rform a nce .

T M S  o f M 1  le d  to  a  s ign ifica nt incre a se  in  to ta l va ria b ility ,
f ( 1 , 8 )  :  6 . 2 1 ,  P  :  0 . 0 3 1 . I n  s e p a ra te  A N O V A s  u s in g  th e
com pone nt e stim a te s,  th is  incre a se  w a s on ly  s ign ifica nt in  the
e stim a te  o f re sponse  im ple m e nta tion  va ria b ility  f( 1 ,8 )  :

1 3 .1 1 ,  P  : 0 .0 0 6 .  T he  e stim a te  o f ce ntra l va ria b ility  d id  not
incre a se  a fte r M 1  stim ula tion ,  F (  1 ,6 )  <  1 ,  a nd  the  e ffe ct o f ra te
d id  not in te ra ct w ith  e ithe r e stim a te  ( im ple m e nta tion: F (1 ,  8 )  :

4 . 5 7 ,  P :  0 . 0 6 5 ;  c e n t ra l :  f ( 1 , 8 )  :  2 . 2 1 ,  P :0 . 1 1 ;  s e e  F ig .
2 8 ) . A lthough ne ithe r the  m a in e ff'e ct nor the  inte ra ction we re
signiflca nt in the  AN O V A involving the  e stim a te  of ce ntra l
va ria b ility ,  the  m e a ns ind ica te  tha t the re  m a y be  a n  incre a se  in
ce ntra l va ria bility a t the  fa ste st ra te . W he n pa ire d /- te sts we re
pe rform e d on the  da ta  for e a ch ra te  se pa ra te ly, we  did obse rve
tha t M l stim ula tion  le d  to  a  s ign ifica nt incre a se  in  the  e stim a te
of ce ntra l va ria bility for the  fa ste r ta pping ra te , /(8 )  : 2 .4 1 ,
P  <  0 .0 5 ,  bu t not fo r the  s low e r ta pp ing  ra te ,  ( 8 )  <  1 .

T he  prim a ry finding of e xpe rim e nl 1  is tha t M l T M S
incre a se d the  e stim a te  of im ple m e nta tion va ria bility. M ore -
ove r,  th is  incre a se  w a s inde pe nde nt o f ta rge t dura tion .  T hus it
w ou ld  a ppe a r tha t M 1  shou ld ,  w ith in  the  conte xt o f re pe titive
tim e d  m ove m e nts,  be  conside re d  dow nstre a m  from  ce ntra l
proce sse s,  inc lud ing  those  a ssocia te d  w ith  de te rm in ing  w he n
the  re sponse s shou ld  be  e m itte d .  H ow e ve r,  the  conclusion  tha t
the  e ffe ct is spe cific to im ple m e nta tion proce sse s m ust be

A T ota l V a ria bility B C om pone nt V a ria bilitie s

M O T O R  C O R T E X  AN D  T IM IN G

3 5 0 m s 5 5 0 m s 3 5 0 m s 5 5 0 m s

Im ple m e nta tion C e ntra l
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qua lifie d  g ive n  tha t the  post hoc a na lysis  ind ica te d  tha t M 1
stim ula tion a lso incre a se d the  e stim a te  of ce ntra l va ria bility a t
the  fa ste r ra te . G ive n this a m biguity, we  a dopte d a  m ore
fine -gra ine d  a na lysis  o f the  e ffe ct o f M l T M S  in  the  fo llow ing
e xpe rim e nt.

E xp e rim e nt 2  : Int e nsity -  de pe nde nt m odula tion
of im ple m e nta tion va ria bility

In the  se cond e xpe rim e nt, we  pa ra m e trica lly m a nipula te d
the  inte nsity of T M S  stim ula tion during re pe titive  ta pping. W e
flrst e sta blishe d the  a ctive  m otor thre shold w ith T M S  a nd from
th is ,  de fine d  thre e  te st in te nsity  le ve ls: 8 5 ,  1 0 5 ,  a nd  I2 5 V o  o f
tha t th re sho ld .  M a xim um  stim ula tor output le ve ls  in  the  m e -
d ium  cond ition  w e re  ge ne ra lly  s im ila r to  those  le ve ls  tha t w e re
use d  in  e xpe rim e nt 1 .

T he  low  stim ula tion  le ve l shou ld  m in im iz e ,  if no t e lim ina te ,
ove rt pe rturba tions of the  finge r; whe re a s, the  high stim ula tion
in te nsity  shou ld  induce  such  pe rturba tions.  T h is  la tte r cond i-
tion  provide s a  strong  te st o f the  hypothe sis  tha t M 1  T M S
se le ctive ly  a ffe cts  re sponse  im ple m e nta tion  va ria b ility .  A lte r-
na tive ly ,  a t h ighe r stim ula tion  le ve ls ,  ce ntra l tim ing  proce sse s
m a y a lso be  a ffe cte d, e spe cia lly give n tha t the  pa rticipa nts a re
a wa re  of the  T M S -induce d pe rturba tions. W e  a lso m onitore d
the  E M G  a ctivity of the  F D I a nd E IP  m uscle s in e xpe rim e nt 2 ,
providing a n a dditiona l m e a sure  of how T M S  a lte rs the  im ple -
m e nta tion  o f re sponse s.

G ive n the  a dditiona l conditions cre a te d by the  inte nsity
m a nipu la tion ,  a  s ing le  ta rge t dura tion  o f 4 5 0  m s w a s use d .
P a rticipa nts we re  a ccura te  in m a tching the ir ta pping ra te  to this
pa ce . T he  m e a n ta pping inte rva l during the  unpa ce d pha se  wa s
4 3 8  m s a nd  T M S  stim ula tion  ove r M l d id  not p roduce  a
cha nge  in the  m e a n ta pping inte rva l com pa re d w ith the  control
condition G 3 2  m s).

In  contra st to  e xpe rim e nt l,  the  a u tocova ria nce  functions
(AC V F s) of the  IT Is fa ile d to conform  to the  pre dictions of the
ba sic  W ing-K risto ffe rson  m ode l.  G ive n  the  inde pe nde nce  a nd
ope n- loop  a ssum ptions o f the  ba sic  m ode l,  the  cova ria nce
function  shou ld  be  ne ga tive  fo r la g  1  ( a d ja ce nt in te rva ls)  a nd
z e ro  for a ll h ighe r la gs.  H ow e ve r,  in  four o f s ix  cond itions,  the
la g2  cova ria nce  wa s significa ntly le ss tha n z e ro a nd the  m e a ns
w e re  in  the  sa m e  d ire ction  for the  o the r tw o  cond itions (se e
F ig .  3 A ) .  In  fa ct,  ne ga tive  cova ria nce s w e re  a lso  obse rve d  a t
h ighe r la gs.

T h is  pa tte rn  is  consiste nt w ith  a  m odifie d  tw o-proce ss m ode l
in  w h ich  re sponse  im ple m e nta tion  va ria nce  is  positive ly  cor-
re la te d  a cross tria ls  (W ing  1 9 7 7 ) .  F o llow ing  th is  m ode l,  the
AC V F s we re  use d to e stim a te  ce ntra l a nd im ple m e nta tion
va ria b ility  a nd  the  de gre e  o f corre la te d  im ple m e nta tion  no ise .

t021

ptc.2 .  V a ria bility m e a sure s for e xpe rim e nt I .
A : va ria bility of the  inte r- ta p inte rva ls for the  fa st
(3 5 0  m s)  a nd slow  (5 5 0  m s)  conditions. l,  stim u-
la a ion ove r the  M l: l.  control stim ula tion. B : e sti-
m a te s of im ple m e nta tion a nd ce ntra l source s of
variability based on the  W ing-Kristofferson method.
E nor bars are  S E .
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M e dium  H igh

F IG . 3 .  R e sults from  e xpe rim e nt 2 .  A : a utocova ria nce  func-
tions for the  6  conditions. N ote  tha t the  function is consiste ntly
ne ga tive  a r la g 2  in a ccorda nce  w ith a  m ode l in w hich im ple -
m e nta tion va ria bility is positive ly corre la te d a cross ta ps. B :
e stim a te s of the  positive  corre la tion be tw e e n succe ssive  sa m -
ple s of the  im ple m e nta tion distribution ( r,  m otor corte x; [,
control)  a cross stim ula tion inte nsitie s.  C : va ria bility of the
inte r- ta p inte rva ls.  D : e stim a te s of im ple m e nta tion a nd ce ntra l
source s of va ria bility ba se d on the  m odifie d W ing-Kristoffe rson
m e thod.

Low  M e dium  H igh

C entra l

T his m ode l provide d a  m uch be tte r fit tha n the  sta nda rd
tw o-proce ss m ode l: a ve ra ge d  ove r a ll pa rtic ipa nts  a nd  cond i-
tions, the re  wa s a n 8 J7 o de cre a se  in sum m e d-squa re d e lror
be twe e n the  pre dicte d a nd obse rve d AC V F s for the  m ode l w ith
positive ly  corre la te d  im ple m e nta tion  no ise .  In te re sting ly ,  the
e stim a te s of the  corre la tion pa ra m e te r we re  not a ffe cte d by
stim ula tion  s ite s ,  F (1 ,7 )  : l l5 ,  P  : 0 .3 2 ,  o r s tim ula tion
in te nsity  le ve l,  F (2 , I4 )  : 2 .1 0 ,  P  : 0 .7 6 ,  a nd  d id  not in te ra ct
w ith  the se  tw o  va ria b le s,  F (2 ,1 4 )  <  1  ( se e  F ig .  3 B ) .  T he
in troduction  o f positive ly  corre la te d  im ple m e nta tion  no ise  in
e xpe rim e nt 2  llke ly re sults from  the  fa ct tha t we  re quire d the
pa rticipa nts to a dopt a  constra ine d ta pping m ode  (se e  W ing
1 9 1 7 )  to  m a xim iz e  the  m ove m e nt- re la te d  E M G  signa ls .  G ive n
the  null e ffe ct of the  e xpe rim e nta l va ria ble s on the  corre la tion
pa ra m e te r,  a ll subse que nt e stim a te s o f the  com pone nt source s
of va ria b ility  a re  ba se d  on  a  m odifie d  tw o-proce ss m ode l in
w hich  im ple m e nta tion  no ise  is  a ssum e d to  be  positive ly  cor-
re la te d . '

E stim a te s of com pone nt source s of va ria bility

I n c re a s in g  s t im u la tio n  in te n s ity  o v e r  M 1  re s u lte d  in  a n
incre a se  in  ta pp ing  va ria b ility  w he n  com pa re d  w ith  contro l
s t im u la tio n ,  F ( 2 ,  1 4 )  :  1 4 . 0 0 ,  P  <  0 . 0 0 1  ( F ig .  3 C ) .  I n d i-
v idua l pa ire d -sa m ple  / - te sts  re ve a le d  tha t M l T M S  in -

I  T he  la g-2  cova ria nce  [7 (2 ) ] for the  M l condition a t the  fa st ra te  in
e xpe rim e nt 1  w a s a lso significa ntly < 0 .  W e  re -ca lcula te d the  e stim a te s of
ce ntra l a nd im ple m e nta tion va ria bility for tha t e xpe rim e nt,  using the  corre la te d
im ple m e nta tion noise  m ode l.  A lthough the se  ne w  e stim a te s incre a se  the
proportion of va ria nce  a ssocia te d w ith im ple m e nta tion proce sse s, the  ove ra ll
pa tte m  of re sults w a s uncha nge d from  tha t ba se d on the  ba sic tw o-proce ss
m o d e l.

cre a se d  to ta l ta pp ing  va ria b ility  w ith  m e dium  stim ula tion
I t( 1 )  :  3 . 5 0 ,  P  <  0 . 0 1 1 ,  a n d  h ig h  s t im u la tio n  lt ( 1 )  :  4 . 2 5 ,
P  <  0 . 0 1 1  b u t n o t a t  th e  lo w  s tim u la tio n  le v e l,  l( 7 )  :  1 . 5 4 ,
P  >  0 . 1 0 .  T h u s  o v e ra ll ta p p in g  v a r ia b ility  o n ly  s h o w e d
sign ifica nt e ffe cts  o f T M S  w ith  le ve ls  a t o r a bove  m otor
th re s h o ld .

T h e  c o m p o n e n t e s tim a te s  a re  s h o w n  in  F ig .  3 D .  C o n s is -
te n t w ith  th e  h y p o th e s is  th a t M 1  T M S  in tro d u c e s  n o is e  in to
p ro c e s s e s  a s s o c ia te d  w ith  re s p o n s e  im p le m e n ta tio n ,  h ig h e r
stim ula tion  in te nsitie s  le d  to  a n  incre a se  in  the  e stim a te s o f
im p le m e n ta tio n  v a r ia b ility  [ in te n s ity  x  R O I  in te ra c tio n :
F ( 2 , 1 4 ) :  1 0 . 8 5 ,  P  :  0 . 0 0 1 1 .  A t  th e  h ig h  s t im u la t io n  le v e l ,
im p le m e n ta tio n  v a r ia b ility  in c re a s e d  b y  o v e r  1 0 0 7 o  w ith  M 1
s tim u la tio n  c o m p a re d  w ith  th e  c o n tro l s ite ,  t ( 7 )  :3 . 4 0 ,  P  <
0 . 0 1 .  A t th e  m e d iu m  s tim u la tio n  le v e l,  th e  in c re a s e  w a s
3 5 7 o ,  t ( 1 )  :  3 . 6 5 ,  P  <  0 . 0 1 .  I n  c o n t ra s t ,  a t  th e  lo w
stim ula tion  le ve l,  the  e stim a te  o f im ple m e nta tion  va ria b ility
d id  n o t v a ry  b e tw e e n  th e  tw o  c o n d it io n s ,  t ( 7 )  :  - 0 . 8 4 .

M l stim ula tion  a lso  produce d  a  s ign ifica nt incre a se  in  the
e stim a te  o f ce ntra l va ria b ility ,  F (1 ,1 )  : 1 8 .0 6 ,  P  : 0 .0 0 4 .
Although the  m e a ns indica te  tha t this e ffe ct m a y be  m ore
pronounce d  for the  h ighe r in te nsity  le ve l,  the  in te ra ction  w a s
not re lia b le ,  F (2 ,1 4 )  : 1 .2 5 ,  P  : 0 .3 2 .  P a ire d -sa m ple  / - te sts
re ve a le d tha t the  e stim a te  of ce ntra l va ria bility for M l T M S
w a s s ign ifica ntly  gre a te r in  the  h igh- in te nsity  cond ition ,  l( 7 )  :

2 . 3 6 ,  P  <  0 . 0 5 ,  b u t n o t in  th e  m e d iu m ,  t( 1 )  :  1 . 0 0 ,  P  >  0 . 0 5 ,
or low  r(7 )  : 1 .5 "/ ,  P  >  0 .0 5 ,  cond itions.  T hus M l stim ula tion ,
a t le a st a t re la tive ly  h igh- in te nsity  le ve ls ,  a ppe a rs to  d isrupt
proce sse s a ssocia te d  w ith  both  ce ntra l p la nn ing  a nd  re sponse
im ple m e nta tion .

L o w  M e d iu m  H ig h
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F rc.  4 .  Q ua ntifying the  T M S ,induce d de la y.  A : distribution of the  inte r- ta p
inte rva ls ( IT Is)  a s a  function of tim e  w ithin the  inte w a l a t w hich rhe  T M S  pulse
w a s de live re d. D a ta  a re  from  a  single  pa rticipa nt (a ,  M l; o,  control) .  B : plot
de picting the  a ve ra ge  m ode l pa ra m e le rs for the  tim e -spe cific de la y induce d by
high- inte nsity T M S  stim ula tion. T he  pa ra m e te r va lue s a re  sum m a riz e d a nd
de scribe d in T a ble  l.

IT I a na lysis

T he  dura tion  o f IT Is  tha t conta in  a  h igh- in te nsity  T M S  pu lse
a re  p lo tte d  in  F igs.  4 A  a nd  5 ,8  fo r tw o  re pre se nta rive  pa rtic i-
pa nts. T he  IT Is a re  pre se nte d a s a  function of the  tim e  be twe e n
the  ta p tha t initia te d the  inte rva l a nd whe n the  T M S  pulse  wa s
de live re d  ( ta p - to -pu lse  in te rva l) .  W he n  the  M l T M S  pu lse  w a s
de live re d during the  first 2 5 0  m s of the  inte rva l,  the re  wa s little
e ffe ct on the  m e a n dura tion of the  inte r-ta p inte rva l.  H owe ve r,
w he n  a n  M 1  T M S  pu lse  occurre d  be tw e e n  2 5 0  a nd  3 7 5  m s,  the
re sulting IT I wa s le ngthe ne d. T ha t is, the  ta p de fining the  e nd
of the  in te rva l w a s de la ye d  a nd  the  dura tion  o f th is  de la y w a s
proportiona l to  the  ta p - to -pu lse  in te rva l.  In te re sting ly ,  T M S
pulse s tha t occurre d  just p rio r to  the  ta p  de fin ing  the  e nd  o f the
in te rva l d id  not ca use  a  de la y.

T he  ke ypre ss da ta  indica te s tha t the re  is a  critica l pe riod in
which finge r ta ps a re  susce ptible  to pe rturba tion by m otor
corte x T M S . F urthe r, the  de gre e  to which the  IT  is le ngthe ne d

T ABLE  l.  S um m a ry of the  pa ra m e te rs use d to qua ntify the  two T M S  e ffe cts

1 0 2 3

is de pe nde nt on the  tim ing of the  T M S  pulse  w ithin the  critica l
w indow. T o qua ntify this e ffe ct, we  fit the  se rie s of IT Is to a
m ode l w ith four fre e  pa ra m e te rs: onse t a nd dura tion of the  tim e
w indow  in  w h ich  the  IT I  is  susce ptib le  to  M l T M S ,  s lope  o f
the  T M s- induce d  de la y; a nd  he ight w h ich  corre sponds to  the
a ve ra ge  inte r-ta p inte rva l produce d outside  of the  critica l pe -
riod. T he se  pa ra m e te rs we re  e stim a te d using the  N e lde r-M e a d
sim ple x se a rch a lgorithm  (Le ga ria s e t a l.  1 9 9 8 ; ftninse a rch
routine  in  M a tla b  R l3 )  fo r e a ch  sub je ct a t e a ch  stim ula tion
le ve l a nd  R O I .  T he  a ve ra ge  T M S - induce d  de la y from  h igh  M l
stim ula tion is gra phica lly re pre se nte d in F ig. 4 8  a nd the
pa ra m e te r va lue s for the  m e dium  a nd high stim ula tion inte n-
s itie s  a re  sum m a riz e d  in  T a b le  1 .  T he se  ind ica te  tha t a cross
sub je cts ,  M l T M S  induce d  a  de la y < 7 0  m s in  the  h igh-
in te nsity  cond ition  a nd  3 0  m s in  the  m e dium  in te nsity  cond i-
tion .  F urthe r,  the  de gre e  o fthe  pe rturba tion  ( i.e . ,  s lope )  a nd  the
dura tion of the  e ffe ct we re  gre a te r for the  high stim ula tion
com pa re d  w ith  the  m e dium  condition .  N o  pe rturba tion  w a s
obse rve d  in  the  low  stim ula tion  cond ition  or the  contro l s tim -
u la tion  cond itions.

Inspe ction of the  E M G  tra ce s (F ig. 5 ,4 )  sugge sts rha r rhe
critica l w indow  for de la ying  the  subse que nt ta p  occurs prio r to
the  onse t of the  fle xor a ctivity re quire d for tha t re sponse . T ha t
is ,  the  in te rva l m a y be  le ngthe ne d  be ca use  the  h igh- in te nsity
T M S  pu lse s de la y the  onse t o f the  fle xors (D a y e t a l.  1 9 8 9 ) .  I f
th is  w a s true ,  the n  de la ye d  re sponse s w ould  on ly  be  obse rve d
w he n stim ula tion  occurs be fore  the  onse t o f F D I  contra ction;
stim ula tion  a fte r F D I  contra ction  shou ld  not le ngthe n  the
inte rva l.  A lte rna tive ly, T M S  m a y a lso pe rturb the  e xe cution of
a n  in itia te d  re sponse .  I f th is  w a s so ,  the n  de la ys m ight occ.ur
e ve n whe n the  T M S  pulse  occurs a fte r fle xor onse t, pe rha ps
due  to  d isruption  o f fle xor or e xte nsor a ctiv ity ,  o r som e
com bina tion  o f the  tw o .

T o  e xa m ine  th is  issue ,  w e  looke d  a t the  E M G  a ctiv ity  on
tria ls  invo lv ing  T M S  pu lse s.  A s ca n  be  se e n  in  F ig .  5 ,B ,  E M G
a ctiv ity  in  the  F D I  just p rio r to  T M S  re m a ine d  a t ba se line
a cross the  e n tire  w indow  w ith in  w h ich  the  T M S  pu lse s le d  to
the  le ngthe n ing  o f the  in te rva l.  Inde e d  w he n  w e  p lo t the  IT I  a s
a  function  o f F D I  a ctiv ity  just p rio r to  the  T M S  pu lse ,  w e  se e
tha t the  long  in te rva ls  a re  on ly  obse rve d  w he n  F D I  E M G  w a s
e xtre m e ly  low ; if fle x ion  a ctiva tion  ha d  be e n  in itia te d ,  the
inte rva l dura tion wa s una ffe cte d (F ig. 5 C ). T hus it a ppe a rs tha t
M l stim ula tion  le ngthe ns the  in te rva l by de la ying  the  onse t o f
F D I  ra the r tha n  (or in  a dd ition  to )  d isrupting  on-go ing  a criv iry
in  the  m uscle .

D e la ying  the  onse t o f a  ta p  w ill,  o f course ,  le a d  to  a n
incre a se  of va ria bility for the  inte rva l conta ining the  T M S
pulse .  O fgre a te r in te re st is  the  va ria b ility  o fthe  IT Is  surround-

B
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D e la y P a ra m e te rs

O nse t,  m s D ura tion, m s H e ight,  m s
G e ne ra l Incre a se

InSS lope

H ig h  M 1
M e d iu m  M l

2 4 3 .0  +  1 3 .3
2 2 5 . 1  +  2 5 . 0

0 .6 7  +  0 .0 6
0 .4 3  +  0 .0 7

4 4 0 .6  +  6 .3
4 3 9 .1  +  4 .4

1 0 4 .4  +  1 0 .4
t ]  . 6  +  2 6 . 2

7 . 3  +  2 . 0
3 ;7  +  2 . 1

T he  m e a ns +  S E  a re  give n for the  four fre e  pa ra m e te rs de scribing the  loca l de la y.  O nse t a nd dura tion indica te d the  w indow  in w hich tra nscra nia l m a gne tic
stim ula tion (T M S ) de la ys the  subse que nt ta p. S lope  re fle cts the  re la tion be tw e e n T M S  stim ula tion in this w indow  a nd rhe  m a gnitude  of the  de la y.  H e ight indica te s
the  dura tion ofthe  inte fta p inte rva ls ( IT Is)  outside  ofthe  w indow . T he  ge ne ra l incre a se  pa ra m e te r is the  diffe re nce  be tw e e n the  re sidua l va ria bility ofIT Is w ith
a  prim a ry m otor corte x (M 1 )  pulse  (a fte r the  de la y ha s be e n ta ke n into a ccount)  a nd the  va ria bility of IT Is w ith a  control pulse .  A ll of the  pa ra m e te rs in this
ta ble  w e re  use d in the  subse que nt sim ula tions of the  T M S  e ffe cts during ta pping. T he  high stim ula tion de la y pa ra m e te rs a re  gra phica lly de picte d in F ig.  4 8 .
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E M G  ( l0 m s)

T M S
Artifact

ing a  pulse . In e xpe rim e nt 2 , the  fre que ncy of T M S  wa s
a d juste d  so  tha t a  stim ula tion  pu lse  w a s de live re d  a pproxi-
m a te ly e ve ry four IT Is. T his a llows for a  com pa rison of the
IT Is be fore  a nd a fte r a  T M S  pulse  (e xcluding a ny tria ls in
which a n n -  1  inte rva l wa s a lso a n n - t 2  inte na l) .  I f M l
stim ula tion  se le ctive ly  de la ys re sponse  im ple m e nta tion  w ith -
out a ffe cting  tim ing  proce sse s,  the re  shou ld  be  a n  incre a se  in
the  va ria bility of the  subse que nt IT I give n tha t the  de la ye d
ke ypre ss a lso m a rks the  onse t on tha t inte rva l.  A lte rna tive ly, if
M 1  stim ula tion  de la ys the  ce ntra l tim ing  o f the  re sponse ,  w e
would e xpe ct no incre a se  in the  va ria bility of the  inte rva l a fte r
the  T M S  pulse  give n the  a ssum ption tha t ce ntra l proce sse s a re
inde pe nde nt o f re sponse  im ple m e nta tion .

F igure  6 .4  pre se nts the  va ria bility of the  IT Is for the  high
stim ula tion  cond ition .  T he se  va lue s a re  ba se d  on  a n  a ve ra ge  o f
5 8  in te rva ls  pe r sub je ct pe r cond ition .  F or the  contro l s tim u-
la tion  s ite  (n ) ,  va ria b ility  w a s consta nt a cross the  surround ing
inte rva ls, indica ting tha t ge ne ric fa ctors such a s the  ta ctile  or
a uditory e ffe ct of stim ula tion did not le a d to incre a se d va ri-
a bility in IT Is conta ining a  T M S  pulse  com pa re d w ith those
w ithout a  T M S  pu lse .  F or M l stim ula tion  ( r) ,  va ria b ility  w a s
e le va te d  for a ll o f the  in te rva ls ,  F (3 ,4 2 )  : 8 .0 7 ,  P  <  0 .0 0 1 ,
w hich  sugge sts  tha t m otor corte x T M S  ca use s a  ge ne ra l in -
cre a se  in  ta pp ing  va ria b ility .  In  a dd ition ,  th is  incre a se  w a s
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e spe cia lly m a rke d for the  inte rva l conta ining the  T M S  pulse ,
t( 7 )  :  5 . 1 6 ,  P  <  0 . 0 0 1 ,  a n d  th e  fo llo w in g  in te rv a l,  t ( 7 )  :  5 . 7 5 ,
P  <  0 .0 0 1 ,  re su lting  in  a  s ign ifica nt in te ra ction  be tw e e n  re g ion
o f s t im u la tio n  a n d  p h a s e ,  F ( 3 , 4 2 )  :  1 . 8 2 ,  P  <  0 . 0 0 1 .  O n
inte rva ls whe re  a  T M S  pulse  wa s de live re d, the  m e a n IT I wa s
a lso incre a se d (F ig. 6 8 ) ,  like ly due  to the  loca l de la y e ffe ct a t
the  e nd of the  inte rva l.  Inte re stingly, no cha nge s in m e a n IT I
dura tions w e re  found  for subse que nt in te rva ls .

T he  va ria b ility  re su lts  sugge st tha t M l T M S  a dds tw o  type s
of no ise ,  one  g loba l,  re su lting  in  a  ge ne ra l incre a se  in  va ria b il-
ity, a nd a  se cond loca l,  re stricte d to the  inte rva ls m a rke d by the
re sponse  a fte r the  T M S  pu lse .  A dd itiona l a na lyse s provide
furthe r support for this dua l e ffe ct hypothe sis. S uppose  tha t the
only e ffe ct of M l T M S  wa s to de la y a  forthcom ing re sponse .
Afte r a ccounting for the  de la y induce d in the  critica l w indow,
re sidua l va ria bility should m a tch tha t of the  IT Is w ith control
stim ula tion .  H ow e ve r,  w e  find  tha t,  a fte r re m oving  e a ch  sub-
je ct's  e stim a te d  T M S - induce d  de la y,  the  re sidua l va ria b ility  o f
the  IT Is  w ith  a n  M 1  T M S  pu lse  (F ig .  6 ,  m )  re m a ins e le va te d
com pa re d w ith the  IT Is whe n T M S  is a pplie d ove r the  control
site . M ore ove r, the  m a gnitude  of the  diffe re nce  be twe e n the
re sidua l va ria b ility  a nd  contro l s ite  va lue s is  s im ila r to  the
a m ount of una ccounte d va ria nce  e stim a te d from  the  sim ple
I ine a r m ode l o f the  de la y e ffe cts  ( e .g . ,  com pa re  re sidua l e rror

0  1 0 0  2 0 0  3 0 0  4 0 0
T a p-to-P ulse  Inte na l (m s)

prc.  5 .  Inre rva l le ngthe ning re sults from  de la y in e le ctrom ygra phic (E M G ) onse t.  A : typica l E M G  tra ce s for a  re pre se nta tive  inte rva l [bla ck tra ce , lst dorsa l

inre rosse ous (F D I) ; gra y tra ce , e xte nsor indicis proprius (E IP ); da she d line s, ke ypre ssl.  F or e a ch tria l w ith a  T M S  pulse ,  ba ckground E M G  w a s e stim a te d ove r

a  l0  m s w indow  prior to T M S  onse t.  B ,  rop: scine rplot ofthe  dura tion ofIT Is conta ining a  high stim ula tion inte nsity T M S  pulse ,  for 1  re pre se nta tive  subje ct.

IT I3  a re  plotte d a s a  function of the  tim e  be tw e e n the  initia ting ta p a nd the  T M S  pulse .  C lose d circle s,  IT Is w ith a  m otor corte x pulse ; ope n circle s.  IT Is w ith

u .ont oi T M S  pulse .  G ra y ba rs,  critica l w indow  a s e stim a te d by the  m ode l for this pa rticula r subje ct.  Bottom : cone sponding plot of E M G  a ctivity in F D I

(squa re s)  e stim a te d just prior to the  T M S  pulse .  C : corre la tion be tw e e n ba ckground E M G  of the  F D I m uscle  a nd IT I  dura tion for those  tria ls w ithin the  critica l

w indow  for the  subje ct show n in B . D e la ye d inte rva ls a re  only obse w e d w he n E M G  a ctivity w a s still a t ba se line .

E IP  C onhaction

/

/
F D I C ontra ction

!

i2 0

5 0 0

4 8 0

0 . 0 2  0 . 0 4  0 . 0 6  0 . 0 1 t 0 . 1 0  0 . 1 2  0 . 1 4

F D I: P re -P ulse  E M G  (m V )
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F IG .6 .  Q ua ntifying the  incre a se  in ge ne ra l va ria bility a cross a ll inte rva ls.
A : plot ofthe  S D  in m illise conds ofthe  IT Is be fore  (pre  IT I) ,  during ( IT I) ,  a nd
2  inte rva ls a fte r a  high stim ula tion inte nsity T M S  pulse  ( IT I  + 1 ,  IT I  + 2 ) .  l,
IT Is surrounding a nd including control-T M S  pulse s; r,  IT Is surrounding a nd
including M I-T M S  pulse s; n,  re sidua l va ria bility of the  IT Is in w hich a  T M S
pulse  fe ll,  a fte r the  de la y e ffe ct w a s subtra cte d. B : plot of the  m e a n inte rva l
dura tion for e a ch IT L S a m e  conve ntions a s top pa ne l.

va lue s in  the  top  pa ne l o f T a b le  I  w ith  F ig .  6 ) .  S im ila r e ffe cts ,
though le ss m a rke d ,  w e re  se e n  for the  m e dium  M l stim ula tion
condition  a s w e ll.

In  sum ,  the  pre ce d ing  a na lysis  sugge sts  tha t T M S  ove r the
m otor corte x produce s two e ffe cts on the  distribution of the
IT Is .  F irst,  if the  T M S  pu lse  occurs just p rio r to  the  rise  in
a gon ist a ctiv ity ,  the  fo rthcom ing  ke ypre ss w ill be  de la ye d .
S e cond,  T M S  ove r the  M 1  a lso  ca use s a  ge ne ra l incre a se  in
ta pp ing  va ria b ility  be yond tha t p roduce d  by the  loca l de la y
e ffe ct of the  pulse . T his incre a se  is obse rve d for a ll inte rva ls,
re ga rd le ss o f w he the r the y fo llow  or pre ce de  the  T M S  pu lse .

M onte  C a rlo sim ula tions

T he  e stim a te s of ce ntra l a nd im ple m e nta tion va ria bility we re
both  in flue nce d  by T M S  stim ula tion .  T he  im ple m e nta tion  e s-
tim a te  incre a se d  w ith  in te nsity ,  w he re a s the  T M S - induce d
incre a se  in  the  ce ntra l com pone nt re m a ine d  consta nt a cross
stim ula tion  le ve ls .  H ow e ve r,  our m icroa na lysis  o f IT Is  re -
ve a le d  both  a  loca l a nd  a  ge ne ra liz e d  e ffe ct o f M l stim ula tion
on  ta pp ing  va ria b ility .  T he  pre se nce  o f the se  tw o  type s o f
cha nge s m a y distort e stim a te s of im ple m e nta tion a nd ce ntra l
no ise  obta ine d  w ith  the  ba sic  W ing-K risto ffe rson  m ode l.  T o
e xp lore  th is ,  w e  conducte d  a  se t o f s im ula tions.

F or the se  sim ula tions, we  ge ne ra te d runs of IT Is whe re  we
sim ula te d  d iffe re nt w a ys in  w h ich  M l T M S  m ight incre a se
va ria bility (se e  rra E ruoos). T o ve rify the  re lia bility of this
proce dure ,  w e  first s im ula te d  the  contro l da ta  com pa ring  tw o
m ode ls: the  ba sic  tw o-proce ss m ode l ( s ta nda rd  W K )  a nd  a
m odifie d  m ode l (C orr.  W K )  in  w h ich  im ple m e nta tion  no ise  is
positive ly  corre la te d  (W ing  1 9 7 7 ) .  A s e xpe cte d ,  the  la tte r
s im ula tion  provide d  a  m uch be tte r fit to  the  obse rve d  contro l
A C V F  (T a b le  2 ) .
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T o sim ula te  the  e ffe cts of M l T M S , we  a dde d in the  e ffe cts
of loca l a nd  ge ne ra l T M S - induce d  no ise .  T he  loca l de la y e ffe ct
ca n  be  m ode le d  in  d iffe re nt w a ys.  T he  pu lse  m ight so le ly  a ffe ct
im ple m e nta tion  proce sse s,  pe rha ps by re ta rd ing  the  a ctiva tion
of the  fle xor a nd  conse que ntly  de la ying  the  e xe cution  o f the
finge r ta p. A lte rna tive ly, the  pulse  m ight sole ly a ffe ct ce ntra l
contro l p roce sse s.  F or e xa m ple ,  ce ntra l com m a nds to  in itia te  a
finge r ta p  m ight be  de la ye d  by the  pu lse .  T he se  m ode ls  o f
T M S -induce d de la y ha ve  diffe re nt im plica tions on the  pa tte rn
of the  subse que nt IT Is .  S im ila rly ,  the  ge ne ra liz e d  incre a se  o f
va ria bility in the  IT Is could be  put in e ithe r the  ce ntra l or
im ple m e nta tion  com pone nts.  W e  thus e nd  up  w ith  four m ode ls
cre a te d by the  fa ctoria l com bina tion of loca l a nd ge ne ra liz e d
T M S - induce d  no ise  on  e ithe r ce ntra l o r im ple m e nta tion  com -
pone nts  (se e  F ig .  7 ) .  S im ula tions w e re  on ly  conducte d  for the
m e dium -  a nd  h igh- in te nsity  cond itions a s the re  w e re  no  m e a -
sura b le  T M S  e ffe cts  in  the  low - in te nsity  cond ition .

T he  re su lts  o f the  s im ula tions a re  show n in  T a b le  2 .  T \e
be st- fitting  m ode l w a s the  one  in  w h ich  the  loca l a nd  ge ne ra l
e ffe cts  o f M 1  T M S  w e re  a ssocia te d  w ith  re sponse  im ple m e n-
ta tion  proce sse s.  Inde e d ,  th is  m ode l p roduce d  a utocova ria nce
functions tha t close ly m a tche d the  m a gnitude  of the  obse rve d
c o v a r ia n c e  fo r  e a c h  la g .

O ne  conce rn  w ith  the  s im ula tion  re su lts  pre se nte d  in  T a b le
2  is  tha t e ve n  the  be st- fitting  m ode l o f the  M l T M S  da ta  re su lts
in  a n  in fe rio r fit com pa re d  w ith  the  s im ula tion  o f the  contro l
da ta .  H ow e ve r,  the  contro l s im ula tion  fits  m a y not p rovide  a n
a ppropria te  ba se line  be ca use  the  sim ula te d AC V F s a re  e va lu-
a te d a ga inst the  sa m e  da ta  se ts use d to e stim a te  the  m ode l
pa ra m e te rs. T he se  e xa ct sa m e  pa ra m e te rs a re  the n use d to
produce  the  M 1  sim ula tions w ith pa ra m e te rs a dde d for the
T M S  e ffe cts .  A s such ,  the  M l m ode l fits  a re  sub je ct to  e rror
both in the  e stim a tion of the  T M S  e ffe cts a nd in the  pa ra m e te rs
use d  to  construct the  m ode ls .

T o provide  a  be tte r e stim a te  of wha t a  true  ba se line  m ode l fit
shou ld  look like ,  w e  conducte d  a  sp lirha lf te st on  the  contro l
da ta .  F or e a ch  pa rtic ipa nt a nd  e a ch  contro l cond ition ,  ha lf o f
the  tria ls we re  ra ndom ly a ssigne d to a n e stim a tion pool a nd the
othe r ha lf a lloca te d to a  va lida tion pool. T he  m ode l pa ra m e te rs
we re  obta ine d from  the  e stim a tion pool a nd use d to sim ula te
a utocova ria nce  functions.  T he se  s im ula te d  a utocova ria nce
functions we re  the n com pa re d w ith the  a utocova ria nce  func-
tions o f va lida tion  poo l to  provide  a  m ore  re a sona b le  ba se line .
F or the  e stim a tion pool, the  m e a n diffe re nce  be twe e n the
a utocova ria nce  functions for the  sim ula te d a nd obse rve d tim e
se rie s ra nge d from  6  to 1 3  m s for the  sta nda rd a nd corre cte d
W ing-Kristoffe rson m ode l in the  high a nd m e dium  conditions,
com pa re d w ith a  ra nge  of 3 -9  m s w ith the  full da ta  se t. W he n
the  sim ula te d va lue s from  the  e stim a tion pool we re  com pa re d
w ith  the  a u tocova ria nce  function  for the  va lida tion  poo l,  the
m e a n diffe re nce s rose  to ll*2 2  m s. N ote  tha t the  fits to the
m ode ls  w ith  T M S - induce d  loca l a nd  g loba l im ple m e nta tion
no ise  a re  in  the  sa m e  ra nge  a s the  va lida tion  poo l fits  in  the
sp lirha lf p roce dure .

It is im porta nt to note  tha t the  re sults of the se  sim ula tions a re
a t odds w ith  those  ba se d  on  the  W ing-K risto ffe rson  m ode l.
W he re a s the  com pone nt e stim a te s from  the  W ing-Kristoffe r-
son m ode l ha d indica te d tha t T M S  a ffe cte d both ce ntra l a nd
im ple m e nta tion  proce sse s,  the  s im ula tions ind ica te  tha t T M S
only  a ffe cte d  re sponse  im ple m e nta tion  proce sse s.  In te re st-
ing ly ,  w e  ca n  ta ke  the  be st- fitting  a utocova ria nce  function  from
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F I G . 7 .  H yp o th e tica l m o d e ls  in  w h ich  th e  lo -
ca l a nd ge ne ra l T M S -induce d incre a se s in va ri-
a bility a re  a ssocia te d w ith e ithe r ce ntra l or im ple -
m e nta tion proce sse s. A : sta nda rd W ing-Kristof-
fe rson m ode l is show n inthe  top pa ne L E a ch IT I
is de fine d by 1  ce ntra l inte rva l a nd 2  im ple m e n-
ta tion re sponse s, w he re  the  dura tion of the se
e ve nts a re  ba se d on sa m ple s from  inde pe nde nt
norm a l distributions. B : m ode ling the  2  e ffe cts of
T M S -induce d disruption of re pe titive  ta pping.
T he  ge ne ric T M S  e ffe ct is m ode le d a s a n incre a se
in the  va ria nce  of the  com pone nt distribution. T he
e ffe ct of the  T M S -induce d loca l de la y m a y be
re stricte d to inte rva l conta ining the  pulse  or e x-
te nd into the  ne xt inte rva l.

R e sponse
lm ple m e nta tion
C om pone nt

C entra l T iming
C om pone nt

the  sim ula tions in which only im ple m e nta tion noise  wa s a dde d
a nd the n re -a na lyz e  tha t da ta  using the  positive ly corre la te d
W ing-Kristoffe rson m ode l. W he n we  do this, the  sta nda rd
W ing-Kristoffe rson e stim a te s a ga in indica te  a n incre a se  in
both  ce ntra l a nd  im ple m e nta tion  proce sse s (M 1  h igh: ce ntra l :
1 4 5 ,  im ple m e nta tion  : 1 9 4 ; contro l h igh: ce ntra l : 1 0 6 ,
im ple m e nta tion  : 9 0 ; M 1  m e dium : ce ntra l : 1 1 1 ,  im ple m e n-
ta tion  : 9 5 ; contro l m e d ium : ce ntra l : 1 0 3 ,  im ple m e nta tion  :

7 8 ) .  T hus the  s im ula tion  re su lts  provide  a  possib le  e xp la na tion
for the  e le va te d ce ntra l com pone nt e stim a te s obta ine d from  the
W ing-Kristoffe rson m ode l. M ore  im porta ntly, the  M onte  C a rlo
sim ula tions sugge st tha t M l T M S  se le ctive ly  in troduce s no ise
in  tw o  d istinct w a ys to  re sponse  im ple m e nta tion  proce sse s
w ithout a ffe cting  ce ntra l tim ing  proce sse s.

N ote  tha t a  post hoc a na lysis  in  e xpe rim e nt I  ha d  ind ica te d
tha t M 1  T M S  incre a se d the  e stim a te  of ce ntra l va ria bility for
the  fa ste r ta pping ra te , in a ddition to the  incre a se  in im ple m e n-
ta tion  va ria b ility .  I t is  like ly  tha t the  tw o  source s o f m otor no ise
ide ntifie d  in  e xpe rim e nt 2  a lso  in flue nce d  the  com pone nt e sti-
m a te s in  e xpe rim e nt 1 .  H ow e ve r,  a  re -a na lysis  o f the  re su lts  o f
e xpe rim e nt 1  wa s not fe a sible  give n tha t the  stim ula tion ra te
use d  w a s not optim a l fo r obta in ing  re lia b le  e stim a te s o f loca l
d e la y  a n d  g e n e ra liz e d  v a r ia n c e  p a ra m e te rs .

D I S C U S S I O N

T he  M l is a t the  inte rfa ce  be twe e n re sponse  pla nning a nd
re sponse  e xe cution .  I t is  c le a r from  ne urophysio log ica l s tud ie s
tha t m otor corte x a ctiva tion is not strictly re la te d to m ove m e nt
e xe cution  ( fo r e xa m ple ,  se e  E hrsson  e t a l.  2 0 0 3 ) .  T h is  fa ct
m ight sugge st a n im porta nt role  for the  m otor corte x in re -
sponse  p la nn ing  proce sse s such  a s ce ntra l tim ing .  W hile  re c-
ogn iz ing  tha t a  sha rp  d ichotom y be tw e e n  p la nn ing  a nd  e xe cu-
tion  is  s im plistic ,  conside ra tion  o f th is  d iv is ion  doe s o ffe r a
sta rting point for cha ra cte riz ing the  functiona l role  of m otor
corte x.  B e ca use  it is  d ifficu lt to  te st D a tie n ts  w ith  le s ions to  th is

a re a  on the  re pe titive  ta pping ta sk due  to the ir he m ipa re sis, we
opte d to use  T M S  a s a n a lte rna tive  m e thod to produce  tra nsie nt
disruption of the  m otor corte x.

T he  log ic  o f our a na lyse s is  ba se d  on  the  tw o  proce ss m ode l
propose d by W ing a nd Kristoffe rson in which va ria bility dur-
ing re pe titive  ta pping is a ssum e d to re fle ct the  sum  of two
com pone nt source s (W ing  a nd  K risto ffe rson  1 9 7 3 ) ,  one  a sso-
cia te d w ith ce ntra l pla nning a nd the  othe r a ssocia te d w ith
re sponse  im ple m e nta tion. W e  ha ve  de m onstra te d tha t thre sh-
old a nd supra thre shold T M S  ove r the  M 1  incre a se d te m pora l
va ria b ility .  A lthough a n  in itia l a na lysis  w ith  the  W ing-K ris-
toffe rson m ode l indica te d tha t both ce ntra l a nd im ple m e nta tion
va ria b ility  incre a se d ,  a t le a st w ith  a  h igh  le ve l o f s tim ula tion ,
our the ore tica l a na lyse s po in t to  a  s im ple r a ccount.  S pe cifi-
ca lly ,  T M S - induce d  no ise  se le ctive ly  a ffe cte d  the  im ple m e n-
ta tion  syste m  in  tw o  d istinct w a ys.  F irst,  w he n  a pp lie d  during
a  re stric te d  w indow ,  it de la ye d  the  im ple m e nta tion  o f a  fo rth -
com ing  ta p .  S e cond,  T M S  le d  to  a n  incre a se  in  the  ge ne ra l
le ve l o f no ise  in  the  im ple m e nta tion  syste m .  In te re sting ly ,
the se  tw o  form s o f incre a se d  im ple m e nta tion  no ise  ca n  m im ic
a n incre a se  in ce ntra l va ria bility whe n e stim a te d by the  W ing
a nd Kristoffe rson m ode l. T his point unde rscore s the  im por-
ta nce  of a na lyz ing ta pping pe rform a nce  a t both m a croscopic
(e .g . ,  in te r- in te rva l)  a nd  m icroscop ic  ( in tra - in te rva l)  Ie ve ls  o f
a na lysis .

T wo source s of re sponse  im ple m e nta tion va ria bility during
re pe titive  ta pping

T he  de la y in  re sponse  e xe cution  fo llow ing  m otor corte x
T M S  ha s a lso  be e n  obse rve d  in  m a ny stud ie s invo lv ing  d iscre te
m ove m e nts (B e ra rde lli e t a l.  1 9 9 4 ; D a y e t a l.  1 9 8 9 ; Le oca n i e t
a l.  2 0 0 0 ) .  In  the se  stud ie s,  the  dura tion  o f the  de la y w a s a
function  o f s tim ulus in te nsity  a nd  w a s re stric te d  to  a  w indow
just p rio r to  m ove m e nt onse t (M cM illa n  e t a l.  2 0 0 4 ) .  T he
re pe titive  ta pping ta sk provide s a  unique  a pproa ch for a na lyz -
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T ABLE  2 . R e sults of the  M onte -C a rlo S im ula tions

t0 2 '7

Autocova ria nce  F unction (La gs)
C ondition

Loca l G e ne ra l
A C V
Fits

C ontrol da ta
H ig h

C o n  W K
S ta nda rd W K

M e d
C orr W K
S ta nda -rd W K

M 1  da ta
H igh

Im p Im p
Im p C e nt
C e nt Im pl
C e nt C e nt
Im pl -
C e n t -

M e d
Im p Im p
C e n t I m p
Im p C e nt
C e n C e nt
Im p -
C e n -

;
6

1
9

t)
2 0
2 9
4 6
-1 0

6 2

1 1

1 4
l5
l8
2 0
L )

2
3

- 3

- l
- 3
- 5

I
2
3

249
2 4 1
2 4 4
) ) a

222
2 7 7

468
4 7 3
435
4 1 3
3 8 0
3 8 8
3 3 2
282
260
253
253
246
239
1 - )  Z

- 5 J

5 5
- 5 5

- 4 2
- 4 3
- 4 5

-1 2 4
-  1 3 8
-  1 0 6

- 9 2
- 6 2

- 1 0 1
- 6 3

- 5 6
5 6

- 5 1
- 5 0
- 4 5
- 4 9
_ A A

- 1 7

- 5

- 1 8
-  lt )

5

- 2 4
-3 9
- - ) - l

- 3 2

- 3 1
1 /

-3 2
- z l

-2 0
1 8

- 1 7
1 8

- 6

- 1 1
- 1
- l

- a )
- t ]
_ 1 4

_ 1 4

- l l

_ 1 4

- 6
7

- 1
- 8
- 8
- 8
- 1

8
I

3
A

7
0

- 3

- 1 9
_ /
- 5
- 3
_ ^
- 3

-2 0
- 3
_ A

-2 9
- l

- 2
- 1
_ A

- l

-t
- 2

3
, /

3

T a ble  2 : R e sults of the  M onte -C a rlo sim ula tions. C ontrol da ta : obse rve d a nd sim ula te d a utocova ria nce  functions (AC V F s)  for the  control stim ula tion da ta .
E xpe rim e nta lly obse rve d AC V F s for e a ch condition a re  highlighte d in bold.  Be low  the  bolde d AC V F 's for e a ch condition a re  the  e stim a te d functions ba se d on
5 ,0 0 0  sim ula te d ta pping tria ls using the  sta nda rd W ing-Kristoffe re son m ode l (sta nda rd W K) a nd the  m ode l w ith positive ly corre la te d m otor noise  (corr W K).
M l da ta : obse rve d a nd sim ula te d AC \rF s for T M S  stim ula tion ove r M l.  F our m ode ls w e re  sim ula te d for both m e dium  a nd high stim ula tion, using the  initia l
e stim a te s of ce ntra l a nd im ple m e nta tion va ria nce s from  the  control conditions a nd the n a dding the  loca l a nd ge ne ra l e ffe cts of M l T M S  into the  ce ntra l a nd
im ple m e nta tion com pone nts.  T he  ia sl 2  row s give  the  a ve ra ge  AC \{F  w he n only the  loca l-de la y e ffe ct is sim ula te d. T he  AC V -fit colum n provide s the
root-m e a n-squa re d diffe re nce  be tw e e n the  sim ula te d a nd obse rve d functions. T his va lue  re pre se nts the  a ve ra ge  de via tion be tw e e n tw o site s.  T he  m ode ls for e a ch
condition a re  liste d from  be st to w orst fit.

ing  the  tim e  course  o f th is  de la y during  continuous,  se lf-gu ide d
m ove m e nts g ive n  the  un iform  d istribu tion  o f ta p - to -pu lse  in -
te rva ls .  W e  obse rve d  a  re la tive ly  na rrow  w indow  of - 1 0 0  m s
during which a  de la y could be  induce d, w ith the  e nd of tha t
w indow  occurring  just p rio r to  fle x ion  onse t.  T he  dura tion  o f
the  w indow  is  consiste nt w ith  pre vious stud ie s using  d iscre te
e xte rna lly  cue d  m ove m e nts (B urle  e t" a 1 .2 0 0 2 ; D a y e t a l.  1 9 8 9 ) .

It ha s be e n propose d tha t m otor corte x stim ula tion re ta rds
m ove m e nt onse t by introducing a  flxe d de la y in a  se ria lly
orga n iz e d  re sponse  e xe cution  syste m  (B urle  e t a I .2 0 0 2 ; D a y e t
a l.  1 9 8 9 ) .  T h is  hypothe sis  pre d icts  tha t the  m e a n  IT I  dura tion
would incre a se  w ith T M S  inte nsity, the  w idth of the  obse rve d
critica l w indow  w ould  incre a se  w ith  T M S  in te nsity ,  a nd  the
slope  o f th is  de la y w ith in  the  critica l w indow  w ould  a lw a ys be
e qua l to  I  re ga rd le ss o f T M S  in te nsity .  C onsiste nt w ith  th is
m ode l, we  found tha t the  re sponse  de la y a nd dura tion of the
critica l w indow  incre a se d  a s a  function  o f T M S  in te nsity .
H owe ve r. contra ry to the  se ria l re sponse  proce ss m ode l, the
slope  o f the  de la y function  in  the  curre nt study w a s gre a te r in
the  high stim ula tion condition (0 .7 )  com pa re d w ith the  m e dium
stim ula tion  cond ition  (0 .4 ) .  T hus our find ings sugge st tha t
m otor corte x stim ula tion  doe s not de la y m ove m e nt onse t by
sim ply introducing a  fixe d inte m rpt in a  se ria lly orga niz e d
syste m .

In a ddition to de la ying the  ne xt ta p, we  a lso obse rve d a
se cond form  o f T M S - induce d  im ple m e nta tion  no ise .  T h is
source  o f no ise  w a s m a nife st a s  a  ge ne ra liz e d  incre a se d  in
ta pp ing  va ria b ility  in  both  stim ula te d  a nd  nonstim ula te d  in te r-
va ls e ve n a fte r the  e ffe ct of the  loca l re sponse  de la y is a c-

counte d  for (F ig .  6 ) .  In  a dd ition ,  s im ula tions invo lv ing  on ly  the
loca l de la y unde re stim a te d  the  ove ra ll le ve l o f obse rve d  va ri-
a b ility  (T a b le  1 ) .  W he n  w e  a dde d  a  se cond,  ge ne ric  source  o f
no ise ,  w e  obta ine d  e xce lle n t flts .  B y ge ne ric ,  w e  m e a n  tha t the
a dde d va ria nce  in the  m ode l a ffe cte d the  im ple m e nta tion of a ll
ta ps in a  tria l a nd wa s not de pe nde nt on the  spe cific tim ing of
the  T M S  pu lse .

I t is  possib le ,  how e ve r,  tha t the  true  form  o f th is  a dd itiona l
m otor noise  is locke d to the  tim ing of the  T M S  pulse . F or
e xa m ple ,  a  s ing le  pu lse  ca n  in te rfe re  w ith  unde rly ing  ce llu la r
a ctiv ity  fo r m a ny se conds be yond the  pu lse  (M olia dz  e t a l.
2 0 0 3 ; T ouge  2 0 0 1 ) .  G ive n  the  fre que ncy o f T M S  in  the  pre se nt
study this ge ne ric noise  m a y re fle ct a  m ild re pe titive  T M S
( rT M S )  e ffe ct on  the  m otor corte x (P a scua l-Le one  e t a l.  1 9 9 8 ) .
A s show n in  rT M S  stud ie s,  the  a ctiv ity  o f the  unde rly ing  tissue
m a y be  a lte re d for a n e xte nde d pe riod of tim e  a fte r re pe titive
stim ula tion .

Inte re stingly, D oum a s e t a l.  (2 0 0 5 ) re porte d tha t re pe titive
off- line  T M S  of M l re duce d a synchrony during pa ce d ta pping.
T ha t is, the  pha se  le a d of the  finge r w ith re spe ct to the
m e tronom e  signa l wa s re duce d. T his wa s inte rpre te d a s show-
ing  a  cha nge  in  fe e dba ck- re la te d  proce sse s.  H ow e ve r,  M 1
rT M S  m a y not a ffe ct the  com m a nd to initia te  e a ch ta p but
cou ld  de la y the  im ple m e nta tion  o f the se  com m a nds be ca use  o f
re duce d  m otor corte x e xcita b ility .  T h is  a lte rna tive  a ccount is
consiste nt w ith  our hypothe sis  tha t M l stim ula tion  se le ctive ly
a ffe cts  im ple m e nta tion  proce sse s.  N one the le ss,  in  contra st to
the  curre nt re su lts ,  D oum a s e t a l.  d id  not obse rve  a n  incre a se  in
the  va ria b ility  o f the  in te r- ta p  in te rva ls  ( se e  a lso  T he ore t e t a l.
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2 0 0 1 ) .  W he the r th is  la ck o f a gre e m e nt is  re la te d  to  m e thod-
o log ica l d iffe re nce s or ind ica te s tha t the  ge ne ric  no ise  e ffe ct is
not a  m ild form  of rT M S -e ffe ct is a  subie ct for future  inve s-
tiga tion .

P hysiologica l ba sis of the  two type s of T M S -induce d noise

O ne  e xp la na tion  for the  de la y in  re sponse  e xe cution  is  tha t
the  re fra ctory pe riod of spina l m otorne urons a fte r a  T M S  pulse ,
re nde rs the m  tra nsie ntly  nonre sponsive  to  de sce nd ing  s igna ls
from  M 1 .  H ow e ve r,  D a y e t a l.  ( 1 9 8 9 )  de m onstra te d  tha t a
se cond T M S  pu lse  de live re d  during  the  pe riod  o f s tim ula tion -
induce d  de la y w a s ca pa b le  o f p roducing  a  m uscle  re sponse .
T he y conclude d  tha t the  re sponse  de la y occurs a t the  le ve l o f
the  m otor corte x.  A t a  physio log ica l le ve l,  the y propose d  tha t
the  tra nsm ission  o f m otor com m a nds is  tra nsie ntly  d isrupte d  by
inh ib ito ry  m e cha n ism s in  the  m otor corte x.  B urle  e t a l.  ( 2 0 0 2 )
a lso  e m pha siz e d  d isruption  w ith in  the  m otor corte x itse lf by
the  introduction of a  re fra ctory pe riod in ne urons tha t se nd
de sce nd ing  m otor cornm a nds to  in itia te  the  m ove m e nt.  B oth
hypothe se s pre d ict tha t the  de la y shou ld  be  obse rve d  up  until
the  sta rt o f E M G  a ctiv ity  in  the  a gon ist m uscle .  O ur find ings
a re  consiste nt w ith  th is  hypothe sis; how e ve r,  a s  m e ntione d  in
the  pre ce ding te xt, the  slope  of our de la y e ffe ct is inconsiste nt
w ith  the  ide a  the  d isruption  o f a  se ria lly  o rga n iz e d  re sponse
e xe cution  syste m  (B urle  e t a l.2 0 0 2 ; D a y e t a l.  1 9 8 9 ) .

S ing le -pu lse  T M S  is  know n to  produce  long- te rm  a lte ra tions
in  the  ba se  firing  ra te s o f a ctiva te d  ne urons.  F or e xa m ple ,  a
single  T M S  pulse  to prim a ry visua l corte x le d to a tte nua te d
a ctivity tha t la ste d up to a  fe w  se conds a fte r stim ula tion
(M olia dz  e t a l.  2 0 0 3 ) .  T h is  re duce d  firing  ra te  is  not the  sa m e
a s the  short- te rm  ( -2 0 0  m s)  re fra ctory  pe riod  tha t is  obse rve d
a fte r a n  M l T M S  pu lse  ( fo r re v ie w ,  se e  R e id  2 0 0 2 ) .  T he
ge ne ra l incre a se  in  va ria b ility  during  M 1  T M S  m ight re fle ct a
s im ila r,  re la tive ly  long- la sting  m e cha n ism .  I f ne ura l re spon-
sive ne ss is  d isrupte d  for a  fe w  se conds a fte r e a ch  pu lse ,
incre a se d  va ria b ility  shou ld  be  e vide nt in  a lm ost a ll in te rva ls
g ive n  tha t s tim ula tion  w a s,  on  a ve ra ge ,  a pp lie d  e ve ry  five  ta ps.
F uture  w ork is  re qu ire d  to  de te rm ine  the  pre cise  ne urophysio -
log ica l m e cha n ism s m e dia ting  the  tw o  type s o f T M S - induce d
noise  obse rve d  in  the  pre se nt study.
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