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Abstract

& The ease by which movements are combined into skilled
actions depends on many factors, including the complexity of
movement sequences. Complexity can be defined by the
surface structure of a sequence, including motoric properties
such as the types of effectors, and by the abstract or sequence-
specific structure, which is apparent in the relations amongst
movements, such as repetitions. It is not known whether
different neural systems support the cognitive and the
sensorimotor processes underlying different structural proper-
ties of sequential actions. We investigated this question using
whole-brain functional magnetic resonance imaging (fMRI) in
healthy adults as they performed sequences of five key presses
involving up to three fingers. The structure of sequences was
defined by two factors that independently lengthen the time to
plan sequences before movement: the number of different
fingers (1–3; surface structure) and the number of finger
transitions (0–4; sequence-specific structure). The results
showed that systems involved in visual processing (extrastriate
cortex) and the preparation of sensory aspects of movement
(rostral inferior parietal and ventral premotor cortex (PMv))
correlated with both properties of sequence structure. The

number of different fingers positively correlated with activation
intensity in the cerebellum and superior parietal cortex
(anterior), systems associated with sensorimotor, and kine-
matic representations of movement, respectively. The number
of finger transitions correlated with activation in systems
previously associated with sequence-specific processing, in-
cluding the inferior parietal and the dorsal premotor cortex
(PMd), and in interconnecting superior temporal –middle
frontal gyrus networks. Different patterns of activation in the
left and right inferior parietal cortex were associated with
different sequences, consistent with the speculation that
sequences are encoded using different mnemonics, depending
on the sequence-specific structure. In contrast, PMd activation
correlated positively with increases in the number of transi-
tions, consistent with the role of this area in the retrieval or
preparation of abstract action plans. These findings suggest
that the surface and the sequence-specific structure of
sequential movements can be distinguished by distinct
distributed systems that support their underlying mental
operations. &

INTRODUCTION

Everyday activities, like driving a car, draw upon diverse
sensory and cognitive processes involved in assembling
a series of movements into an action. The ease by which
this is accomplished depends upon many factors, in-
cluding the complexity of the underlying sensory and
cognitive processes. For instance, behavioral investiga-
tions into the representation of sequential movements
have shown that increases in sequence complexity pro-
long reaction time (RT), or the time it takes to plan a

series of events prior to movement (Kerr, 1978). This
presumably reflects the greater amount of program-
ming, encoding, or retrieval time required for each
response in the sequence (Rosenbaum, Inhoff, &
Gordon, 1984; Sternberg, Monsell, Knoll, & Wright,
1978). The latency of individual movements also de-
pends on the complexity of sequences in which they
are contained (Povel & Collard, 1982; Restle, 1973),
because mental operations are ongoing during move-
ment. Table 1 shows that these behavioral observations
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are compatible with functional imaging studies, in
which the neural representation of sequential move-
ments also depends on the complexity of sequences.
This table shows that most functional imaging studies
have manipulated sequence complexity by varying the
length or the type of sequences (that is, repeated and
heterogeneous sequential movements are contrasted),
yet similar complexity manipulations have produced a
number of discrepant findings.

The complexity of an action can be understood in
many ways, including the surface and the abstract
structures of a sequence. Surface structure is exempli-
fied by perceptual or motoric properties of sequences
such as the number of movements or the types of
effectors. Abstract or sequence-specific structure is man-
ifested in the relations between movements, such as
repetitions or alternations (Povel & Collard, 1982; Restle,
1973; Rosenbaum et al., 1984), because these relations
permit the encoding of sequential movements into
integrated chunks that facilitate learning and memory.
Many different manipulations of structural complexity
produce anticipatory effects on RT and alter response
latency, but the underlying cognitive and neural me-
chanisms are not entirely understood. Information-pro-
cessing models imply that similar mental operations
underlie many of these effects (Rosenbaum et al.,
1984; Sternberg et al., 1978), because they depend on
common programming, encoding, decoding, or retrieval
operations. However, this view overlooks that actions
are represented in multiple ways by their perceptual,
motoric, and abstract structural properties (MacKay,
1985). In fact, the acquisition of abstract, but not surface,
structure (that is, types of effectors), appears to depend
on attention (Keele, Jennings, Jones, Caulton, & Cohen,
1995). Likewise, the prospect that different neural sys-
tems participate in sequencing at different levels is
suggested by findings from single-cell studies showing
that, prior to movement, different sets of neurons fire in
response to spatial (for example, direction) and se-
quence-specific (for example, temporal order) proper-
ties of movements (Barone & Joseph, 1989; Kettner,
Marcario, & Clark-Phelps, 1996).

The present study used whole-brain functional mag-
netic resonance imaging (fMRI) to investigate whether
different forms of sequence structure are handled by
distinct neural systems by comparing independent ma-
nipulations of surface and sequence-specific structure.
Previous functional imaging studies in healthy adults
have not addressed this issue. These studies have
investigated the neural systems that support mental
operations involved in sequencing finger movements
by increasing sequence length or varying sequence
type. Table 1 shows that these studies differ consider-
ably in terms of the structure of the sequences, such
that other potentially important variables (for example,
number of repetitions and different fingers, finger
orderings, sequence length) covaried with the experi-

mental manipulation. In all of these studies, structural
complexity was defined by manipulating a single attri-
bute (sequence length or type), so that it was not
possible to test whether different distributed neural
systems represent different structural aspects of se-
quential movements.

In the present study, subjects performed sequences
consisting of five key-press responses using their index
(1), middle (2), and ring (3) fingers. Digit sequences
were displayed on a screen and, unlike previous stu-
dies, remained in view throughout the movement to
minimize memory demands, which might correlate
with sequence complexity. This procedure does not
rule out, however, the possibility that subjects still
utilize working memory (for example, phonological
loop) to sustain digit sequences while implementing
them. We varied two fundamental features of sequen-
tial movements that have frequently covaried with
sequence complexity manipulations in previous func-
tional imaging studies. The number of different re-
sponses (1–3 different fingers) was manipulated to
examine the neural representation of one aspect of
surface structure. The assumption that this factor de-
scribes the surface structure of sequential events is
suggested by findings showing that the representation
of a sequence (that is, the latency of individual move-
ments) is independent of the fingers used to execute
the movements, when a sequence contains a definable
abstract structure (Povel & Collard, 1982). In contrast,
to investigate the neural systems that support the
processing of abstract or sequence-specific structure,
the number of transitions among different responses
(0 – 4 finger transitions; Table 2) was varied, because
this changes the relationship among movements, in-
cluding the number of repetitions (for example, 12222
vs. 12111 vs. 12122 vs. 12121; 12333 vs. 12133 vs.
12131). When sequence length is controlled, RT in-
creases independently with the number of different
responses or the number of transitions (Harrington &
Haaland, 1987), demonstrating that both manipulations
lengthen the time to plan sequences prior to move-
ment. However, it is not known if different neural
systems support these structural aspects of sequential
movements. It is possible that a common representa-
tion underlies both if, for instance, they require the
same perceptual, programming, retrieval, or encoding
operations. If this is the case, increasing the complexity
of both properties of sequences should be associated
with activation in common neural systems. Alterna-
tively, if each property depends upon different repre-
sentational systems, each should contribute a unique
component to the activation pattern. One possibility is
that greater demands are placed on systems involved in
sensorimotor processing (for example, primary motor
and sensory cortices, cerebellum), when there are
more fingers involved in sequencing. This outcome
would point to a sensorimotor representation under-

Harrington et al. 57



T
ab

le
1

.
Su

m
m

ar
y

of
Fu

nc
ti

on
al

Im
ag

in
g

St
ud

ie
s

of
Se

qu
en

ce
C

om
p

le
xi

ty

Ar
ea

s
As

so
ci

a
te

d
w

it
h

C
om

pl
ex

it
ya

C
it

a
ti

on
(M

et
ho

d)
Ta

sk
M

ot
or

Pr
ef

ro
n

ta
l

P
ar

ie
ta

l
B

as
al

G
an

gl
ia

C
er

eb
el

lu
m

M
a

n
ip

u
la

ti
on

s
of

Se
qu

en
ce

Le
n

gt
h

B
oe

ck
er

et
al

.
(1

99
8)

[P
ET

]
4

to
8

el
em

en
t

se
qu

en
ce

s
"

i.
M

1,
c.

PM
C

,
SM

A
"

i.
Pr

ec
un

eu
s

"
b.

G
P

N
um

be
r

of
re

pe
tit

io
ns

an
d

in
te

rp
os

ed
m

ov
em

en
ts

co
va

ri
ed

#
b.

B
A

10
#

i.
B

A
39

C
at

al
an

et
al

.
(1

99
8)

[P
ET

]
1

an
d

12
el

em
en

t
se

qu
en

ce
s

"
b.

PM
d

"
c.

S1
,b

.p
.B

A
7,

"
V

er
m

is
N

um
be

r
of

di
ffe

re
nt

fin
ge

rs
an

d
fin

ge
r

or
de

ri
ng

s
co

va
ri

ed
b.

Pr
ec

un
eu

s

Sa
da

to
et

al
.

(1
99

6)
[P

ET
]

4,
8,

12
,

an
d

16
el

em
en

t
se

qu
en

ce
s

"
i.

PM
C

"
i.

Pr
ec

un
eu

s
"

V
er

m
is

N
um

be
r

of
di

ffe
re

nt
fin

ge
r

or
de

ri
ng

s
co

va
ri

ed
#

c.
B

A
40

M
a

n
ip

u
la

ti
on

s
of

Se
qu

en
ce

Ty
pe

C
he

n
et

al
.

(1
99

7)
[r

T
M

S
to

M
1]

Si
m

pl
e

(4
31

2
re

p
ea

te
d

4
tim

es
)

vs
.

C
om

p
le

x
(1

6
no

nr
ep

ea
te

d
el

em
en

ts
)

#
le

ft
M

1
N

A
N

A
N

A
N

A

Ri
gh

t
an

d
le

ft
h

an
ds

te
st

ed
;

N
um

be
r

of
fin

ge
r

tr
an

si
tio

ns
an

d
or

de
ri

ng
s

co
va

ri
ed

C
ol

eb
at

ch
et

al
.(

19
91

)
[P

ET
]

Re
pe

tit
iv

e
(i

nd
ex

fin
ge

r)
vs

.
H

et
er

og
en

eo
us

(1
23

4
re

pe
at

ed
)

"
c.

M
1,

i.
PM

C
"

c.
B

A
44

"
c.

S1

N
um

be
r

of
di

ffe
re

nt
fin

ge
rs

co
va

ri
ed

D
as

so
nv

ill
e

et
al

.
(1

99
8)

[f
M

RI
]b

Fi
xe

d
or

de
r

(1
23

4)
vs

.
Ra

nd
om

or
de

rs
"

b.
SM

A
"

b.
PM

C
"

b.
B

A
7

N
A

N
A

Ri
gh

t
an

d
le

ft
h

an
ds

te
st

ed
;

N
um

be
r

of
fin

ge
r

or
de

ri
ng

s
co

va
ri

ed

G
er

lo
ff

et
al

.
(1

99
7)

[r
T

M
S

to
SM

A,
M

1,
pa

ri
et

al
an

d
fr

on
ta

l
co

rt
ex

]
Re

pe
tit

iv
e

(i
nd

ex
fin

ge
r)

vs
.

Sc
al

e
(4

32
1)

vs
.

H
et

er
og

en
eo

us
(n

on
-a

dj
ac

en
t

fin
ge

r
se

qu
en

ce
s)

#
SM

A
N

A
N

A

N
um

be
r

of
di

ffe
re

nt
fin

ge
rs

co
va

ri
ed

(c
on

ti
n

u
ed

)

58 Journal of Cognitive Neuroscience Volume 12, Number 1



T
ab

le
1

.
(c

on
ti

n
u

ed
)

A
re

a
s

A
ss

oc
ia

te
d

w
it

h
C

om
pl

ex
it

ya

C
it

at
io

n
(M

et
ho

d)
Ta

sk
M

ot
or

P
re

fr
on

ta
l

Pa
ri

et
a

l
B

a
sa

l
G

a
n

gl
ia

C
er

eb
el

lu
m

G
or

do
n

et
al

.
(1

99
8)

[f
M

RI
]c

Re
pe

tit
iv

e
(J

JJ
J)

vs
.

U
ni

-d
ig

it
(J

U
YH

)
an

d
m

ul
ti-

di
gi

t
ty

pi
ng

ta
sk

(J
K

JK
,

JF
IE

LS
PQ

)
"

b.
M

1,
b.

SM
A

N
I

"
b.

S1
,

b.
B

A
7,

b.
B

A
40

"
c.

le
nt

if
N

I

N
um

be
r

of
di

ffe
re

nt
fin

ge
rs

,
fin

ge
r

tr
an

si
tio

ns
,

ha
nd

s,
sp

at
ia

l
po

si
ti

on
in

g
re

qu
ir

em
en

ts
,a

nd
se

qu
en

ce
le

ng
th

co
va

ri
ed

Ra
o

et
al

.
(1

99
3)

[f
M

R
I]

d
Re

pe
tit

iv
e

(4
fin

ge
rs

si
m

ul
ta

ne
ou

sl
y)

vs
.

H
et

er
og

en
eo

us
(2

43
1

re
pe

at
ed

)
"

i.
M

1,
b.

PM
C

,
SM

A
N

I
"

b.
S1

N
I

N
I

N
um

be
r

of
ac

ti
ve

m
us

cl
e

gr
ou

ps
an

d
di

ffe
re

nt
fin

ge
rs

co
va

ri
ed

Va
n

O
os

te
nd

e
et

al
.

(1
99

7)
[f

M
RI

]
Fi

xe
d

or
de

r
(f

or
ex

am
pl

e,
12

34
)

vs
.

Ra
nd

om
or

de
r

(f
or

ex
am

pl
e,

24
31

)
"

b.
PM

C
,

SM
A

"
b.

SF
S

"
b.

B
A

5,
b.

p.
B

A
7

N
um

be
r

of
fin

ge
r

or
de

ri
ng

s
co

va
ri

ed

W
ex

le
r

et
al

.
(1

99
7)

[f
M

RI
]

Re
pe

tit
iv

e
(1

or
4

fin
ge

rs
si

m
ul

ta
ne

ou
sl

y)
vs

.
H

et
er

og
en

eo
us

(1
23

4
or

11
32

24
)

"
i.

M
1,

i.
PM

C
,

SM
A

N
I

"
b.

B
A

7,
b.

B
A

40
N

I
N

I

Se
qu

en
ce

le
ng

th
,

nu
m

be
r

of
ac

tiv
e

m
us

cl
e

gr
ou

ps
,

an
d

fin
ge

r
re

pe
tit

io
ns

co
va

ri
ed

N
ot

es
:

T
h

e
ta

bl
e

lis
ts

st
u

di
es

re
p

re
se

n
ta

ti
ve

o
ft

h
e

m
et

h
o

ds
u

se
d

in
fu

n
ct

io
n

al
im

ag
in

g
an

d
re

p
et

iti
ve

tr
an

sc
ra

n
ia

lm
ag

ne
ti

c
st

im
u

la
ti

o
n

[r
T

M
S]

ex
p

er
im

en
ts

to
in

ve
st

ig
at

e
th

e
ne

ur
al

sy
st

em
s

in
vo

lv
ed

in
co

n
tr

ol
lin

g
si

m
p

le
an

d
co

m
p

le
x

se
qu

en
ti

al
fin

ge
r

m
o

ve
m

en
ts

(t
h

at
is

,f
in

ge
r

op
p

o
si

ti
o

n
o

r
ke

y
p

re
ss

es
)

in
h

u
m

an
s.

O
nl

y
d

ir
ec

tl
y

re
le

va
n

t
p

o
rt

io
n

s
o

f
th

e
ta

sk
s

an
d

re
su

lt
s

ar
e

d
es

cr
ib

ed
.I

n
m

o
st

st
u

di
es

,
se

qu
en

ce
s

w
er

e
p

er
fo

rm
ed

u
si

n
g

th
e

ri
gh

t
h

an
d,

ex
ce

p
t

fo
r

tw
o

in
w

h
ic

h
bo

th
h

an
d

s
w

er
e

te
st

ed
.

Se
qu

en
ce

s
w

er
e

p
ra

ct
ic

ed
to

va
ry

in
g

d
eg

re
es

p
ri

or
to

im
ag

in
g

an
d

p
er

fo
rm

ed
fr

o
m

m
em

o
ry

du
ri

n
g

im
ag

in
g.

A
n

ex
ce

p
tio

n
is

th
e

V
an

O
o

st
en

d
e

et
al

.(
19

97
)

st
u

dy
in

w
h

ic
h

au
d

it
or

y
di

gi
t-

se
qu

en
ce

s
w

er
e

p
re

se
nt

ed
o

n
ea

ch
tr

ia
l,

an
d

th
e

D
as

so
n

vi
lle

et
al

.(
19

98
)

st
u

dy
,

w
h

ic
h

us
ed

a
se

ri
al

re
ac

ti
o

n
ti

m
e

p
ro

ce
d

ur
e

w
h

er
ei

n
vi

su
al

st
im

ul
id

es
ig

n
at

in
g

a
d

ig
it

w
er

e
p

re
se

nt
ed

se
qu

en
ti

al
ly

,c
u

ei
ng

su
bj

ec
ts

to
m

ov
e

th
e

ap
p

ro
p

ri
at

e
fin

ge
r

as
qu

ic
kl

y
as

p
os

si
bl

e.
Fi

n
ge

r
m

ov
em

en
ts

w
er

e
p

ac
ed

(e
xt

er
na

lly
o

r
se

lf-
p

ac
ed

)
at

ra
te

s
va

ry
in

g
be

tw
ee

n
0.

5
to

2.
5

H
z.

A
n

ex
ce

p
ti

o
n

is
th

e
G

o
rd

o
n

et
al

.(
19

98
)

st
u

dy
in

w
hi

ch
se

lf-
p

ac
ed

ty
p

in
g

ra
te

s
ra

ng
ed

be
tw

ee
n

ap
p

ro
xi

m
at

el
y

5
to

8
H

z.
T

h
e

co
n

tr
ol

co
nd

it
io

n
w

as
re

st
an

d
th

e
st

at
is

ti
ca

lt
es

ts
o

fc
o

m
p

le
xi

ty
va

ri
ed

am
on

g
st

ud
ie

s.
T

h
e

n
um

be
rs

1,
2,

3,
an

d
4

re
fe

r
to

in
d

ex
,m

id
dl

e,
ri

ng
,a

nd
lit

tl
e

fin
ge

r
m

o
ve

m
en

ts
,r

es
p

ec
ti

ve
ly

.T
h

e
"

sy
m

bo
li

nd
ic

at
es

th
at

ac
ti

va
ti

on
in

cr
ea

se
d

an
d

th
e

#
sy

m
bo

l
in

d
ic

at
es

th
at

ac
ti

va
ti

o
n

d
ec

re
as

ed
in

re
la

ti
o

ns
h

ip
to

se
qu

en
ce

co
m

p
le

xi
ty

.
Fo

r
th

e
rT

M
S

st
ud

ie
s,

th
e

#
sy

m
bo

l
si

gn
ifi

es
th

at
se

qu
en

ci
n

g
p

er
fo

rm
an

ce
w

as
in

cr
ea

si
n

gl
y

di
sr

up
te

d
as

se
qu

en
ce

s
be

ca
m

e
m

or
e

co
m

p
le

x.
N

A
d

en
ot

es
‘‘n

o
t

ap
p

lic
ab

le
’’

fo
r

(1
)

rT
M

S
st

u
d

ie
s,

w
h

ic
h

ap
p

ly
st

im
u

la
ti

o
n

to
sp

ec
ifi

c
br

ai
n

ar
ea

s
an

d
,(

2)
re

gi
on

o
f

in
te

re
st

st
u

d
ie

s,
in

w
h

ic
h

so
m

e
br

ai
n

re
gi

o
ns

w
er

e
no

t
in

ve
st

ig
at

ed
.N

I
de

n
ot

es
‘‘n

o
ti

m
ag

ed
’’

fo
r

st
ud

ie
s

th
at

di
d

n
ot

co
nd

u
ct

w
h

ol
e

br
ai

n
im

ag
in

g,
h

o
w

ev
er

,s
ev

er
al

o
th

er
st

u
di

es
d

id
no

t
im

ag
e

th
e

en
ti

re
ce

re
be

llu
m

or
fr

on
ta

lc
o

rt
ex

.B
A

=
B

ro
d

m
an

n
A

re
a,

c=
co

nt
ra

la
te

ra
l,

G
P=

gl
o

bu
s

p
al

lid
us

,
i=

ip
si

la
te

ra
l,

le
nt

if.
=

le
n

ti
fo

rm
n

uc
le

u
s,

M
1=

p
ri

m
ar

y
se

ns
o

ri
m

o
to

r
co

rt
ex

,
p

.=
p

o
st

er
io

r,
PM

C
=

p
re

m
o

to
r

co
rt

ex
,

PM
d=

d
or

sa
l

p
re

m
ot

o
r

co
rt

ex
,

PR
E

=
p

re
ce

nt
ra

l
gy

ru
s,

PO
ST

=
p

o
st

ce
nt

ra
l

gy
ru

s,
S1

=
so

m
at

o
se

n
so

ry
co

rt
ex

,
SF

S=
su

p
er

io
r

fr
o

nt
al

su
lc

u
s,

SM
A

=
su

p
p

le
m

en
ta

ry
m

o
to

r
ar

ea
.

a T
h

e
ta

bl
e

su
m

m
ar

iz
es

th
e

p
ri

nc
ip

al
fin

d
in

gs
.

O
th

er
ar

ea
s

o
f

in
cr

ea
se

d
o

r
d

ec
re

as
ed

ac
ti

va
ti

o
n

(f
or

ex
am

p
le

,
th

al
am

us
,

in
su

la
,

ci
n

gu
la

te
m

ot
o

r
ar

ea
)

w
er

e
re

p
or

te
d

in
so

m
e

st
u

di
es

.
b
T

h
e

d
at

a
w

er
e

fir
st

su
bt

ra
ct

ed
fr

o
m

a
vi

su
al

co
nt

ro
l

co
nd

it
io

n
(t

h
at

is
,

su
bj

ec
ts

at
te

n
de

d
to

th
e

sa
m

e
vi

su
al

st
im

ul
i,

bu
t

di
d

no
t

re
sp

on
d)

an
d

th
en

th
e

fix
ed

an
d

ra
nd

o
m

co
nd

it
io

n
s

w
er

e
co

m
p

ar
ed

.
A

ct
iv

at
io

n
in

th
e

in
fe

ri
o

r
p

ar
ie

ta
l

co
rt

ex
(a

re
a

40
)

w
as

n
ot

st
ud

ie
d

.
c T

h
e

fin
d

in
gs

ar
e

p
re

se
nt

ed
fr

om
th

e
d

es
cr

ip
ti

ve
co

m
p

ar
is

on
s

be
tw

ee
n

re
p

et
it

iv
e

an
d

al
l

o
th

er
co

nd
it

io
n

s.
St

at
is

ti
ca

l
te

st
s

w
er

e
no

t
co

n
du

ct
ed

to
va

lid
at

e
th

es
e

o
bs

er
va

ti
o

ns
.

d
T

h
e

fin
d

in
gs

p
re

se
n

te
d

ar
e

fr
o

m
th

e
se

lf
–

p
ac

ed
co

nd
it

io
n.

Harrington et al. 59



lying this aspect of sequential movements. In contrast,
variations in the number of finger transitions might
activate neural systems that support mental operations
involved in processing specific aspects of the sequence
structure, independent of the number of fingers in-
volved in executing them. The neural underpinnings of
sequence-specific processing have not been widely
studied. Investigations of sequence learning in humans
suggest that the inferior parietal cortex plays a key role
encoding sequence-specific information (Honda et al.,
1998; Jenkins et al., 1994; Sakai et al., 1998), and
sequence-specific neural activity has been reported in
the dorsal premotor cortex (PMd) of monkeys (Kettner
et al., 1996; Kurata, 1994; Mushiake, Inase, & Tanji,
1991). Additionally, the basal ganglia and supplemen-
tary motor area (SMA) have been associated with the
encoding of serial order in animals (Aldridge & Ber-
ridge, 1998; Berridge & Whishaw, 1992; Clower &
Alexander, 1998; Kermadi & Joseph, 1995). Hence, if
changing the number of transitions alters some aspect
of sequence-specific processing, it should correlate
with activation in one or more of these areas.

RESULTS

Behavioral Data

The RT, MT, and accuracy data were first analyzed using
an analysis of variance (ANOVA) with repeated measures
to determine if there was an interaction between the
number of fingers and the number of transitions for
each dependent measure. Conditions 3, 4, 5, 6, 7 and 8
were included in these analyses (Table 2), and no
significant interaction was found for any of the mea-
sures. Next, the independent effects of each factor were
fully analyzed by including all levels on each factor. To

test the effect of a number of different fingers (1– 3),
means were collapsed across the number of transitions.
Similarly, to test the effect of a number of transitions

Figure 1. Mean accuracy (top panel), preparatory reaction time (RT;
middle panel), and movement time (MT; bottom panel) as a function
of number of transitions (left side) and fingers (right side). Bars
represent standard error of the mean.

Table 2. Experimental Design and Sequence Conditions

Number of Transitions

Number of Fingers 0 1 2 3 4

1 Condition 1

11111
22222
33333

2 Condition 2 Condition 3 Condition 5 Condition 7

12222 12111 12122 12121
23333 23222 23233 23232
31111 32333 32322 32323

3 Condition 4 Condition 6 Condition 8

12333 12133 12131
23111 23211 23231
32111 32311 32321

Note: Numbers beneath each condition represent the sequences of finger key presses where ‘‘1’’ denotes the index, ‘‘2’’ the middle, and ‘‘3’’ the
ring finger.
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(0 – 4), means were collapsed across the number of
different fingers. The linear and quadratic components
of the RT, MT, and accuracy functions were tested.

Figure 1 presents the mean and standard error of the
mean for accuracy (top panel), RT (middle), and MT
(bottom) as a function of the number of transitions (left
side) and fingers (right side). Repeated measures ANO-
VAs indicated no significant linear or quadratic compo-
nents for the number of transitions or fingers for mean
accuracy ( p>.20), which ranged from 93 to 96% correct
across all conditions, or for mean MT ( p>.18). In
contrast, mean RT, the measure of advance program-
ming of the motor sequence, significantly increased as a
funct ion of the number of transit ions (Linear:
F(1,14)=37.5, p<.0001; Quadratic: F(1,14)=19.5,
p<.001) and fingers (Linear: F(1,14)=45.8, p<.0001),
consistent with previous findings (Harrington & Haa-
land, 1987). These results showed that the sequences
differed in terms of the speed of advance planning, but
not motor implementation.

To determine if the findings were due entirely to the
faster RTs for repetitive sequences, the same analyses
were carried out, eliminating the repeated condition.

The results were similar, showing RT significantly
increased as a function of the number of transitions
(that is, 1– 4) (Linear: F(1,14)=6.7, p<.025) and fin-
gers (that is, 2–3) (Linear: F(1,14)=5.5, p<.05). Hence,
advance planning took longer as the number of transi-
tions or fingers increased, even when the repetitive
condition was eliminated from the analyses. Only the
main effects of these factors were tested in the ana-
lyses applied to the functional imaging data, because
the number of fingers and transitions had independent
effects on RT.

Functional Imaging Data

Repetitive Sequences

Table 3 shows the center of mass, volume, and peak
intensity (maximum t) of the activation foci for the t-
tests that compared the repetitive sequence condition
with rest. The activation foci are also displayed in Figure
2. These data show that repetitive sequences activated
striate cortex and regions of ventral extrastriate cortex.
Repetitive sequences also activated the left sensory (S1)
and motor cortex (M1), the right vermis, and bilateral

Table 3. Activation Foci: Comparison of Repetitive Sequences With Rest

Talairach Coordinates

Region (Brodmann’s Area) L/R x y z Volume (cm3) Max. t

Condition 1>Rest

Striate and extrastriate cortex

[1] Striate cortex (17) R 18 – 100 – 10 0.3 2.2

[2] Lingual gyrus (18) L – 10 – 98 – 8 0.3 2.0

[3] Fusiform gyrus (18) L – 26 – 95 – 13 1.6 2.8

Sensorimotor cortex

[4] Motor cortex (4) L – 37 – 27 58 7.6 3.6

[5] Postcentral gyrus (2) L – 56 – 23 43 0.4 2.5

Cerebellum

[6] Hemisphere (superior, posterior) L – 39 – 74 – 18 2.3 2.3

[7] Hemisphere (superior, anterior) L – 26 – 49 – 23 0.3 1.9

[8] Vermis R 4 – 55 – 9 1.4 2.4

[9] Hemisphere (superior, anterior) R 19 – 45 – 22 0.9 2.2

[10] Hemisphere (superior, anterior) R 33 – 57 – 23 0.6 2.0

Rest>Condition 1

Basal ganglia

[11] Putamen R 25 0 2 0.6 2.6

Notes: Region is defined as center of mass. The second column refers to left (L) and right (R) hemisphere activations. Coordinates represent
distance in mm from anterior commissure: x right (+)/left (– ); y anterior (+)/posterior(– ); z superior (+)/inferior(– ). Maximum t-value defines
the intensity of activation. Numbers in brackets refer to locations demarcated in Figure 2.
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cerebellar hemispheres. Additionally, activation was
greater during rest than repetitive sequencing in the
right putamen, an unexpected result. SMA activation was
not observed in these analyses.

Effects of Sequence Complexity

Table 4 shows the center of mass, volume, and peak
intensity (maximum F) of the activation foci for the

ANOVAs that tested for changes in functional activity
associated with variations in sequence complexity. The
table presents the common regions of activation asso-
ciated with increasing the complexity of both factors and
the regions that were activated only by variations in
number of fingers or transitions. The activation foci are
also displayed in Figure 3 in terms of the regions
activated by variations in the number of fingers (yellow),
transitions (red), or both factors (green). In addition,

Figure 2. Areas of increased (red –yellow scale) and decreased (blue scale) MR signal intensity from t-tests comparing the repetitive sequence
condition with rest. Numbers in the upper left of each slice represent mm from the interhemispheric fissure (– , left; +, right). Numbers adjacent to
the activated foci correspond to numbers in brackets listed in Table 3.
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graphs of activation intensity (see Methods Section) are
displayed in Figure 4 for regions that characterized the
relationships between sequence complexity and change
in activation intensity. Regions that are not displayed
showed similar patterns of activation as those in Figure 4
for nearby areas within or between the two hemi-
spheres.

Both experimental manipulations were associated
with increased activation primarily in the left, but
some right, extrastriate cortex, bilateral superior par-
ietal cortex (area 7), left anterior supramarginal gyrus
(SMG; area 40) near the post central gyrus, left PMd
(area 6), and ventral premotor cortex (PMv; area 6).
Figure 4 suggests that some of these effects, especially
for extrastriate cortex and rostral SMG, were largely
due to the greater change in activation intensity for
heterogeneous than repeated sequences. Activation
intensity of the cerebellum is not graphed for regions
commonly activated by both sequence complexity
manipulations, but followed a similar pattern: greater
activation for heterogeneous than repeated sequences,
but little difference among heterogeneous sequences.
Neither of the experimental manipulations correlated
with basal ganglia or SMA activation.

The number of different fingers was uniquely and
positively associated with activation of the left superior
frontal gyrus (area 10), the left cerebellar vermis, and the
right cerebellar hemispheres (superior and inferior).
The activation focus in area 10 was close to the middle
frontal gyrus. Activation intensity in the left precuneus
region of the superior parietal cortex (area 7) also
correlated with variations in the number of fingers,
although it was below baseline levels, especially for
repetitive sequences.

The number of transitions positively correlated with
activation of the right PMd and had a nonlinear effect on
right SMG activation, increasing between repetitive and 1
transition sequences, decreasing for the 2 and 3 transi-
tion sequences, and then increasing again for 4 transition
sequences. Left caudal SMG activation was above base-
line only for simpler sequences (0 and 1 transitions).
Similarly, while left angular gyrus (area 39) activation
correlated with the number of transitions, activation was
below baseline resting levels for all but the 1 transition
sequences (Figure 4).

Effects of Complexity Excluding Repetitive Sequences

The above results showed areas commonly activated by
variations in both parameters of sequences and activity
unique to variations in a specific sequence parameter.
However, activation of common areas could be due to
including the repeated condition as a level in both
analyses. Therefore, ANOVAs were conducted, eliminat-
ing condition 1. Table 5 and Figures 5 and 6 display the
results from the ANOVAs that tested for changes in
functional activity associated with increasing program-

ming complexity when the repeated condition was
omitted from the analyses. Table 5 shows there were
no common areas of activation, indicating that inclusion
of the repeated sequences was responsible for the
overlap between the two factors. Importantly, inclusion
of repeated sequences was entirely responsible for the
transition and finger effects in extrastriate cortex, rostral
SMG, and PMv (Figure 4), which were not uniquely
activated by either factor alone when this condition
was omitted from the analyses.

Statistical power was substantially reduced for the
tests of the finger effect due to the inclusion of only
two levels. Despite this restriction, significantly greater
activation intensity was found for three than two finger
sequences in the right superior parietal (rostral) and left
cerebellar hemisphere (superior, anterior) (Table 5 and
Figures 5 and 6). Although significant activations in
other areas were not found, this may be due in part to
the restricted number of levels on the finger factor. This
possibility is suggested by Figure 4, wherein there was a
trend for changes in activation to increase between two
and three finger sequences in left vermis and left super-
ior frontal gyrus.

The statistical power for tests of the transition effect
was evidently not affected by excluding the repeated
condition. Similar to the previous ANOVAs, variations in
the number of transitions correlated with activation of
the left angular gyrus, bilateral SMG (caudal), left super-
ior parietal cortex (caudal), and a region of the left PMd
(– 25,– 9,49), which was caudal to the other two left
hemisphere PMd activations (Table 5 and Figure 6). The
patterns of activation intensity were also similar to those
displayed for comparable regions in Figure 4.

Unlike the previous ANOVAs, a negative relationship
was found between number of finger transitions and
activity in two additional left PMd foci (– 19,18,58;
– 43,3,47), which were rostral to the other PMd focus.
The change in activation intensity in the rostral PMd
sites was above baseline for 1 transition sequences and
near or below resting level for sequences containing
two or more transitions (Figure 6). Likewise, the
number of transitions negatively correlated with activa-
tion in the left middle frontal gyrus, left insula (medial
and beneath the precentral gyrus; not shown in Figure
6), and left superior temporal gyrus. These effects were
also due to the relatively greater activation intensity for
the 1 transition sequences than the other sequences.
These regions were not uncovered by the previous
ANOVAs, likely because the effect was mitigated by the
repeated condition (not shown in Figure 6), in which
activation intensity was similar to sequences consisting
of 2, 3, and 4 transitions.

DISCUSSION

Both attributes of sequence structure positively corre-
lated with activation in areas associated with visual
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Table 4. Activation Foci: ANOVA Results for Transitions and Fingers

Talairach Coordinates

Region (Brodmann’s Area) F/T L/R x y z Volume (cm 3) Max. F a

Common Regions of Activation

Extrastriate cortex

[1] Inferior occipital gyrus (18) F L – 34 – 88 – 1 0.9 15.7
T L – 32 – 91 – 5 0.2 8.1
T L – 32 – 88 4 0.4 8.1

[2] Inferior occipital gyrus (18) F L – 38 – 85 – 11 0.3 14.4
T L – 36 – 84 – 10 0.3 8.1

[3] Fusiform gyrus (19) F L – 48 – 67 – 12 0.2 10.9
T L – 47 – 67

– 11
0.3 6.3

[4] Superior occipital gyrus (19) F R 35 – 74 29 0.9 21.6
T R 36 – 76 31 0.2 9.3

Parietal cortex

[5] Superior parietal (caudal) (7) F L – 24 – 64 44 4.7 21.2
T L – 23 – 66 47 4.0 16.1

[6] Superior parietal (caudal) (7) F R 24 – 61 54 2.6 23.3
T R 22 – 61 54 2.0 14.5

[7] SMG (rostral) (40) F L – 45 – 29 44 0.5 14.7
T L – 49 – 29 44 0.3 9.3

Frontal cortex

[8] Premotor (dorsal) (6) F L – 27 – 7 48 0.9 19.9
T L – 25 – 7 49 1.2 10.5

[9] Premotor (ventral) (6) F L – 45 – 3 32 0.6 11.3
T L – 45 – 3 32 0.8 7.0

Cerebellum

[10] Hemisphere (superior, anterior) F L – 29 – 49 – 20 1.9 17.4
T L – 35 – 49 – 17 0.5 8.2
T L – 19 – 42 – 21 0.3 6.8

[11] Hemisphere (superior, anterior) F R 22 – 45 – 23 0.4 25.5
T R 23 – 45 – 24 0.2 7.9

Regions Activated by Fingers

Parietal cortex

[12] Precuneus (7) F L – 6 – 58 43 0.3 14.4

Frontal cortex

[13] Superior frontal gyrus (10) F L – 14 56 5 0.3 11.3

Cerebellum

[14] Vermis F L – 3 – 43 – 11 11.8

[15] Hemisphere (inferior, anterior) F R 15 – 47 – 47 16.2

[16] Hemisphere (superior, posterior) F R 17 – 67 – 21 0.3 14.1

(continued)
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processing and somatosensory aspects of movement.
However, each was also correlated with activation in
distinct distributed neural systems. The activation pat-
terns were consistent with the proposal that increasing
the number of different fingers heightens the proces-
sing demands on systems that compute sensorimotor
operations. In contrast, changing the number of finger
transitions altered activation in distributed systems that
have been associated with abstract or sequence-specific
processing. These results are considered next in the
context of previous studies.

Neural Systems Underlying Both Aspects of
Sequence Complexity

Both manipulations of sequence complexity activated
common brain regions only when the analyses in-
cluded repetitive sequences. First, we observed differ-
ences in the visual processing of repetitive and
heterogeneous sequences. Left extrastriate cortical ac-
tivation was greater for heterogeneous than repetitive
sequences, and was found in inferior areas associated
with the visual processing of objects, including num-
bers (Bly & Kosslyn, 1997; Ungerleider & Haxby, 1994).
Additionally, activation of superior area 19 in the right
hemisphere was below resting level for repetitive
sequences, possibly due to perceptual priming gener-
ated by the high redundancy of repetitive digits, which
may be enhanced by the blocking of the sequence
condition in the present study. Redundant stimulus
information may weaken connections among nones-
sential neurons, resulting in more rapid object discri-
mination (Wiggs & Martin, 1998). Although perceptual
priming of words produces activation suppression in
inferior extrastriate cortex (Schacter, Alpert, Savage,

Rauch, & Albert, 1996; Squire et al., 1992), suppression
of superior area 19 in our study may reflect the
significance of the stimulus for goal-directed move-
ment (Goodale & Milner, 1992). Importantly, extrastri-
ate cortical activation was similar for all heterogeneous
sequences, suggesting that attentional demands asso-
ciated with the early stages of visual analysis (Motter,
1993; Schiller, 1994) did not differ among heteroge-
neous sequences.

Activation was also greater for heterogeneous than
repetitive sequences in the left rostral SMG and PMv,
with little difference observed amongst heterogeneous
sequences (Figure 4). The rostral SMG has been closely
associated with the use of visual information to prepare
movement (Deiber, Ibanez, Sadato, & Hallett, 1996),
perhaps by integrating higher-level somatosensory and
spatial representations from other parietal areas (Rizzo-
latti, Luppino, & Matelli, 1998). This is compatible with
the predominance of somatosensory inputs into the
rostral-inferior parietal cortex in monkeys and its sig-
nificant projections to PMv (Cavada & Goldman-Rakic,
1989), an area which responds to visual or tactile
information that is anchored to a particular body part,
and is independent of eye or head movements (Grazia-
no & Gross, 1998). Previous studies have failed to find a
relationship between sequence type and anterior (ros-
tral) SMG activation (Table 1), possibly because the
sequences used were highly predictable, which beha-
vioral studies show reduces response preparation pro-
cessing (Rosenbaum, 1980). Specifically, two or three
different sequences were used in most studies (Table
1), and during imaging, each was performed repeatedly
from memory. This procedure likely minimizes the
regular need for some mental operations (for example,
encoding, retrieval), in contrast to our methods, which

Table 4. (continued)

Talairach Coordinates

Region (Brodmann’s Area) F/T L/R x y z Volume (cm 3) Max. F a

Regions Activated by Transitions

Parietal cortex

[17] Angular gyrus (39) T L – 49 – 61 32 0.2 8.3

[18] SMG (caudal) (40) T L – 52 – 45 30 8.1

[19] SMG (caudal) (40) T L – 57 – 41 38 0.6 7.2

[20] SMG (caudal) (40) T R 42 – 50 40 0.5 6.7

Frontal cortex

[21] Premotor (dorsal) (6) T R 31 – 6 52 0.3 7.1

Notes: Numbers in brackets refer to locations demarcated in Figure 3. The second column refers to the ANOVAs testing the main effect of the
number of fingers (F) and the number of transitions (T). The third column refers to left ( L) and right (R) hemisphere activation. SMG refers to the
supramarginal gyrus.
aTabled values represent the maximum F. Transitions df=(4, 56) and cutoff F– value=4.17; Fingers df=(2, 28) and cutoff F– value=6.44. All
statistical tests included repetitive sequences in the analyses.
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placed greater demands on the preparation process
because a different sequence was presented on each
trial. The role of the rostral SMG in anticipatory proces-
sing is further suggested by the increasing activation of
this region during implicit learning, irrespective of the
motor effector being used (Grafton, Hazeltine, & Ivry,
1998).

Neural Underpinnings of Surface and
Sequence-Specific Properties of Sequences

The above findings suggest that repetitive and hetero-
geneous sequences differed in essential ways that im-
pacted visual processing and integrating or preparing
somatosensory and spatial information for movement.

Figure 3. Areas of increased MR signal intensity associated with increases in programming complexity. Activated foci are based on ANOVAs that
separately tested for changes in functional activity associated with increasing the number of fingers or transitions. Activation foci are based on the
analyses which included repeated sequences. Regions uniquely activated by fingers and transitions are shown in yellow and red, respectively.
Regions of common activation, defined as foci located within a 10-mm radius of each other, are displayed in green. Numbers in the upper left of
each slice represent mm from the interhemispheric fissure (– , left; +, right). Numbers adjacent to activated foci correspond to numbers in
brackets listed in Table 4.
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However, RT increased significantly with variations in
both properties of sequence structure, even when re-
petitive sequences were removed from the analyses,
which suggested differences amongst heterogeneous
sequences in the complexity of underlying mental op-
erations. The results for heterogeneous sequences
further indicated that each aspect of sequence structure
activated different distributed neural systems, some of
which have been previously associated with sensorimo-
tor representations and others with sequence-specific
processing.

Neural Representations of Surface Structure

The number of different fingers contained in a sequence
positively correlated with activation in the right superior
parietal cortex (rostral area 7; Figure 6), consistent with

other findings (Grafton, Mazziotta, Woods, & Phelps,
1992; Kawashima et al., 1996; Matsumura et al., 1996).
The rostral region of area 7 is commonly associated with
somatosensory processing (Rizzolatti et al., 1998), and
there is mounting evidence that it represents kinematic
information about movements (for example, velocity,
spatial position, spatiotemporal coupling) (Ashe & Geor-
gopoulos, 1994; Ferraina & Bianchi, 1994; Kalaska, Co-
hen, Prudhomme, & Hyde, 1990; Scott, Sergio, &
Kalaska, 1997). This latter proposal concurs with studies
showing impaired finger positioning after lesions of the
superior occipitoparietal pathway in humans (Goodale,
Jakobson, & Servos, 1996; Jeannerod, 1986) and after
muscimol injections in the intraparietal sulcus in mon-
keys (Gallese, Murata, Kasede, Niki, & Sakata, 1994). It is
also consistent with a recent study indicating that da-
mage to area 7 is strongly associated with ideomotor

Figure 4. Change in activation intensity for repetitive and heterogeneous sequences. The change in activation intensity is displayed for common
regions of activation, regions activated by fingers, and regions activated by transitions. See Methods for calculation of activation intensity from cross-
correlation analysis and note that intensity values have been scaled by a factor of 1000. Solid and striped bars represent significant activation foci
( p<.005) defined by ANOVAs performed on the number of transitions (0–4) and the number of fingers (1 –3), respectively. PMC=premotor
cortex; SMG=supramarginal gyrus; SFG=superior frontal gyrus. Error bars=s.e.m.
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limb apraxia (Haaland, Harrington, & Knight, 1999),
which disrupts the positioning, spatiotemporal cou-
pling, and sequencing of hand and arm movements
(Harrington & Haaland, 1992; Poizner et al., 1995),
possibly due to an inability to specify kinematic proper-
ties of movement.

Changes in intensity within the anterior cerebellum
bilaterally were greater for heterogeneous than repeti-
tive sequences (Table 4). Additionally, activation inten-
sity in the vermis and the cerebellar hemispheres
bilaterally positively correlated with the number of

fingers, particularly when all levels of this factor were
included in the analyses (Figures 4 and 6). These results
are consistent with the cerebellum’s traditional role in
motor control, particularly when there are more fingers
involved in sequential actions. However, this cannot
explain activation of the left cerebellar hemisphere
(Table 5) in the absence of activation within the right
sensorimotor cortex.

Left primary motor and sensory areas were activated
while performing repetitive sequences; however, activa-
tion did not correlate with variations in the number of

Table 5. Activation Foci: ANOVA Results for Transitions and Fingers After Excluding Repeated Sequences

Talairach Coordinates

Region (Brodmann’s Area) F/T L/R x y z Volume (cm 3) Max. F a

Common Regions of Activation

None

Regions Activated by Fingers

Parietal cortex

[1] Superior parietal (rostral) (7) F R 26 – 41 51 0.2 37.9

Cerebellum

[2] Hemisphere (superior, anterior) F L – 26 – 41 – 19 0.3 38.7

Regions Activated by Transitions

Parietal cortex

[3] Angular gyrus (39) T L – 49 – 60 33 0.2 9.6

[4] SMG (caudal) (40) T L – 56 – 42 36 1.7 12.7

[5] SMG (caudal) (40) T R 50 – 35 53 0.3 15.0

[6] Superior parietal (caudal) (7) T L – 20 – 65 53 0.3 9.1

Frontal cortex

[7] Premotor (dorsal) (6) T L – 25 – 9 49 0.5 9.9

[8] Premotor (dorsal) (6) T L – 19 18 58 0.2 8.6

[9] Premotor (dorsal) (6) T L – 43 3 47 0.3 7.9

[10] Middle frontal gyrus (9) T L – 48 18 29 1.1 10.8

[11] Middle frontal gyrus (46) T L – 47 32 15 0.3 12.1

[12] Middle frontal gyrus (10) T L – 36 45 25 0.2 7.1

[13] Insula/white matter T L – 32 – 10 24 0.2 9.4

Temporal cortex

[14] Superior temporal gyrus (22) T L – 47 – 48 12 0.2 10.0

[15] Superior temporal gyrus (22) T L – 53 11 – 2 0.3 9.4

Numbers in brackets refer to locations demarcated in Figure 5. The second column refers to the ANOVAs testing the main effect of the number of
fingers (F) and the number of transitions (T). The third column refers to left (L) and right (R) hemisphere activation. SMG refers to the
supramarginal gyrus.
aTabled values represent the maximum F. Transitions df=(3, 42) and cutoff F-value=4.94; Fingers df=(1, 14) and cutoff F-value=11.06.
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different fingers, contrary to our predictions. Most stu-
dies have reported a positive relationship between
sequence complexity and activation in M1 and S1 (Table
1), especially when the number of different fingers or
active muscle groups covaried with complexity (Cole-
batch, Deiber, Passingham, Friston, & Frackowiak, 1991;
Gordon, Lee, Flament, & Ugurbil, 1998; Rao et al., 1993;
Roland, Larsen, Lasses, & Skinhoj, 1980; Shibasaki et al.,
1993). One potential explanation for the discrepant
results may relate to differences among studies in the

familiarity of sequences, because representations in the
sensorimotor cortex become expanded with practice
(Karni et al., 1995) and seem to reflect experience-
specific knowledge related to the effectors (Grafton et
al., 1998; Nudo, Milliken, Jenkins, & Merzenich, 1996).
Previous studies have used only two to six different
sequences, which were well-practiced or highly familiar
(for example, finger-opposition tasks, typing) and per-
formed cyclically during scanning. By comparison, in the
present study, subjects performed 24 different se-

Figure 5. Areas of increased MR signal intensity associated with increases in programming complexity for heterogeneous sequences. Activated foci
are based on ANOVAs that separately tested for changes in functional activity associated with increasing the number of fingers or transitions.
Activation foci are from the analyses that excluded repeated sequences. Regions uniquely activated by fingers and transitions are shown in yellow
and red, respectively. Numbers in the upper left of each slice represent mm from the interhemispheric fissure (– , left; +, right). Numbers adjacent
to activated foci correspond to numbers in brackets listed in Table 5.
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quences, a different one in each trial, and received
relatively little practice in each one prior to or during
scanning. One speculation is that more extended prac-
tice may be required to establish differentiated sensor-
imotor representations of the sequences under the
conditions of our experiment.

Neural Representations of Sequence-Specific Structure

The patterns of activation associated with variations in
the number of fingers were complex, sometimes relat-
ing to the structure of individual sequences in ways that
were not anticipated. First, activation of the left angular

Figure 6. Change in activation
intensity for heterogeneous se-
quences, excluding the repeti-
tive condition. The change in
activation intensity is displayed
for regions activated by fingers
(striped bars) and regions acti-
vated by transitions (solid bars),
with the repetitive sequence
condition excluded from the
analyses. See Methods section
for calculation of activation in-
tensity from cross-correlation
analysis and note that intensity
values have been scaled by a
factor of 1,000. Significant acti-
vation foci ( p<.005) were de-
fined by ANOVAs performed on
the number of transitions (1 –4)
and the number of fingers (2 –
3). PMC=premotor cortex;
SMG=supramarginal gyrus;
SFG=superior frontal gyrus;
MFG=middle frontal gyrus.
Error bars=s.e.m.
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gyrus, caudal SMG, superior temporal cortex, insula, and
middle frontal gyrus covaried negatively with the num-
ber of transitions, such that it was greatest for 1 transi-
tion sequence and then significantly decreased for the
other sequences. Others have reported a negative re-
lationship with sequence complexity and inferior parie-
tal cortex activation when sequence length was
manipulated (Boecker et al., 1998; Sadato, Campbell,
Ibanez, Deiber, & Hallett, 1996), but not sequence type
(Table 1). There is mounting evidence that the inferior
parietal cortex plays a role in encoding abstract or
sequence-specific information, because activation in-
creases in caudal area 40 with practice (Honda et al.,
1998; Jenkins et al., 1994; Rauch et al., 1995; Sakai et al.,
1998). This raises the possibility that the negative covar-
iation in activation of area 40 with sequence length or
the complexity of the abstract structure may be due to
the greater practice required for building an abstract
representation of more complex sequences. However,
the precise nature of the encoding remains speculative
in our study, and in others, because it is usually difficult
to determine a priori how subjects will organize a series
of movements. Sequential events can be encoded in
many different ways, for example, by using associations
between adjacent movements or developing more ab-
stract organizations that integrate salient properties (for
example, temporal, spatial) of movement patterns. Ad-
ditionally, encoding may be mediated by language. This
latter possibility is raised by the pattern of activation in
the left hemisphere in interconnecting pathways asso-
ciated with an articulatory loop of working memory,
including the superior temporal cortex and the middle
frontal gyrus (Figure 6) (Goldman-Rakic, 1987; Paulesu,
Frith, & Frackowiak, 1993). One speculation is that the
negative correlation between increases in finger transi-
tions and activation of the left posterior parietal cortex
was due to reduced phonological encoding of more
structurally complex sequences. This account is com-
patible with the role of the left angular gyrus in
acalculia (Levin & Spiers, 1985), the left posterior
SMG in phonological storage (Paulesu et al., 1993;
Smith, Jonides, & Koeppe, 1996), and the left superior
temporal cortex, insula, and middle frontal gyrus net-
work (Figure 6) in verbal working memory (Goldman-
Rakic, 1987; Manoach et al., 1997; Paulesu et al., 1993;
Smith et al., 1996). Activation suppression in two
rostral PMd foci (– 19,18,58; – 43,3,47) for sequences
containing two or more transitions (Table 5 and Figure
6) may be linked to suppression in area 46 for these
same sequences, as area 46 projects to rostral PMd in
monkeys (Ghosh & Gattera, 1995). This explanation is
problematic, however, because a phonological encod-
ing hypothesis would also predict increased activation
in these same areas for repetitive sequences, which was
not found.

Decreasing activation with sequence complexity might
also reflect the reallocation of a system’s attentional

resources to other systems devoted to processing in-
formation in other modalities. This hypothesis might
relate to the different patterns of activation found in the
right SMG, which showed a nonlinear relationship with
the number of transitions (Figure 6). While activation
intensity in this region was also greatest for sequences
involving one transition, it increased systematically
from two to four transition sequences. This area has
been widely associated with spatial attention (Posner &
Dehaene, 1994), encoding spatial coordinates (Jonides
et al., 1993; Smith et al., 1996), and more recently, it
has been implicated in attentional mechanisms of
temporal processing (Harrington, Haaland, & Knight,
1998). The timing of successive finger movements is
partially determined by the pattern of finger repetitions
and alternations (Povel & Collard, 1982; Restle, 1973).
Simple sequences, like those containing 1 transition,
may readily activate bilateral SMG because spatial, tem-
poral, or phonological encodings are highly salient.
However, encoding abstract structural properties of
more complex sequences may require more practice
and attentional resources (Cohen, Ivry, & Keele, 1990),
because spatial and temporal cues for organizing se-
quential movements are less salient.

In contrast to the above findings, activation of the
caudal PMd positively correlated with the number of
finger transitions in both analyses. The PMd, which has
reciprocal projections with the inferior and the superior
parietal lobes (Boussaoud, Pellegrino, & Wise, 1996;
Dum & Strick, 1991; Petrides & Pandya, 1984), appears
to be involved in the retrieval of abstract action plans
computed in the parietal lobe (Shadmehr & Holcomb,
1997). This is consistent with the greater sequence-
specific activation of PMd than PMv in monkeys (Kettner
et al., 1996; Kurata, 1994; Mushiake et al., 1991), and
may suggest that this area is involved in the retrieval and
the programming of sequential actions for movement
execution. Other investigations of sequence complexity
in humans have reported similar results (Table 1), but
ours is the first to demonstrate that PMd activation
specifically correlates with sequence structure, control-
ling for sequence length, and the number of different
effectors.

Both structural properties of sequences also positively
correlated with activation of left caudal area 7, near area
19, largely due to the greater activation intensity of
heterogeneous than repetitive sequences (Table 4 and
Figure 4). Although this effect was found for increases in
transitions but not fingers, only when repeated se-
quences were omitted from the analyses (Table 5 and
Figure 5), the power of the finger-effect test was sub-
stantially reduced. These results are consistent with
some (Catalan, Honda, Weeks, Cohen, & Hallett, 1998;
Van Oostende, Hecke, Sunaert, Nuttin, & Marchal,
1997), but not all studies (Table 1), whereas others have
not analyzed the precise focus of activation within area
7 that correlates with sequence complexity (Dassonville

Harrington et al. 71



et al., 1998; Gordon et al., 1998; Wexler et al., 1997).
The caudal–superior parietal area is traditionally thought
to be involved in early visual processing of extrapersonal
spatial coordinates (Ungerleider, Courtney, & Haxby,
1998). This view would predict that both properties of
sequence complexity should correlate with activation
within this area, because variations in both should
increase the difficulty of translating a visual stimulus into
a spatial code specifying the placement of fingers on the
keypad. This traditional notion has been challenged by
recent findings showing that activation in area 7 (ante-
rior and posterior combined) was similar for finger
sequences performed in intra- or extrapersonal space
(Gordon et al., 1998), and correlated positively with
sequence complexity when auditory digit-sequences
were performed (Van Oostende et al., 1997). The caudal
portion of the superior parietal cortex presumably trans-
lates a stimulus event (for example, auditory, visual,
imagined) into the goal of the action. For finger se-
quences, this form of early processing might specify
global, spatial, or temporal patterns of a sequential
event, which should be easier to realize for more struc-
turally simple than complex sequences. This speculation
would suggest that the relationship between sequence
complexity and area 7 activation should diminish with
extended practice, because decoding should become
more automatic. In fact, activation in area 7 decreases
with practice (Dassonville et al., 1998; Hazeltine, Graf-
ton, & Ivry, 1997; Schlaug, Knorr, & Seitz, 1994), which
may explain why sequence complexity does not typically
correlate with activation in posterior area 7, when se-
quences are highly familiar or well practiced.

Neither manipulation of complexity correlated with
basal ganglia activation, despite the apparent role of the
striatum in temporal ordering (Aldridge & Berridge,
1998; Berridge & Whishaw, 1992; Kermadi & Joseph,
1995). Nevertheless, our findings are consistent with
most, but not all, functional imaging studies (Boecker
et al., 1998; Gordon et al., 1998). Although our results
appear at odds with the sequential-planning distur-
bances in PD (Benecke, Rothwell, Dick, Day, & Marsden,
1987; Harrington & Haaland, 1991; Jennings, 1995;
Stelmach, Worringham, & Strand, 1987), these impair-
ments are typically due to a decreased ability to plan
ahead as sequence length increases. The SMA, which has
reciprocal pathways to the basal ganglia (Alexander,
DeLong, & Strick, 1986), has also been associated with
the encoding of temporal order (Clower & Alexander,
1998). SMA activation was not found for repetitive
sequences, a finding consistent with some (Gordon et al.,
1998; Rao et al., 1993), but not all studies (Shibasaki et al.,
1993). However, SMA activation also didnot correlate with
sequence complexity, contrary to most investigations (Ta-
ble 1). A potentially crucial difference exists between our
experimental methods and those of others: our subjects
did not have to rely on internally generated models of a
stimulus sequence, which correlates with SMA activation

(Tanji, 1996), because on each trial a new sequence was
displayed until the completion of the movement. This
may also minimize the need for temporal ordering,
unlike other studies in which sequences were per-
formed from memory.

Summary

The identification of the neural underpinnings of prop-
erties of sequence structure is a first step toward under-
standing the different levels at which sequential
movements are represented in the brain. The present
study demonstrated that some neural systems mediate
the sequencing of movements regardless of their struc-
tural properties, whereas others uniquely represent the
surface and the abstract structure of sequential move-
ments. A theoretical framework was put forth based on
previous investigations, in which these issues have been
studied using different approaches. Both properties of
sequence structure correlated with activation in systems
related to visual processing (extrastriate cortex) and
preparing and retrieving somatosensory information
(rostral SMG, PMv). Although increasing activation in
the caudal superior parietal cortex was slightly more
associated with abstract than surface complexity, exist-
ing theory would suggest that both aspects of sequence
structure should influence early processes related to the
identification of an action goal. The number of different
fingers contained within a sequence positively correlated
with activation in the anterior area 7 and the cerebellum,
systems that have been associated with kinematic (Ashe
& Georgopoulos, 1994; Ferraina & Bianchi, 1994; Kalas-
ka et al., 1990; Scott et al., 1997) and sensorimotor
representations (Bower, 1997), respectively. Conversely,
increases in the number of finger transitions correlated
with activation in distributed systems, including the
angular gyrus, caudal area 40, the superior temporal
cortex, the middle frontal gyrus, and the PMd. The
patterns of activation in the inferior parietal cortex and
interconnecting temporal-frontal pathways, and the
hemispheric biases depended on the specific structure
of sequences, but not the number of fingers used to
perform the sequences. These results were consistent
with the purported role of the inferior parietal cortex in
encoding sequence-specific information (Honda et al.,
1998; Jenkins et al., 1994; Sakai et al., 1998), although
the specific nature of the encoding is speculative. Se-
quence-specific computations in the parietal cortex may
be retrieved and programmed for execution in the PMd
(Kettner et al., 1996; Kurata, 1994; Mushiake et al., 1991;
Shadmehr & Holcomb, 1997). The finding that greater
PMC activation (that is, volume) is found for response
times to unpredictable than predictable finger move-
ments (Dassonville et al., 1998) further suggests that
both PMd and PMv support retrieval or preparatory
processes, but perhaps for different forms of sensory
information (Kettner et al., 1996; Kurata, 1994; Mushiake
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et al., 1991). The overall results are consistent with the
view that sequential events are represented at different
levels that reflect their perceptual, sensorimotor, and
abstract structural properties.

METHODS

Subjects

Fifteen normal volunteers (six males and nine females;
18 to 31 years of age with a mean of 23.9 years)
participated in the study. All subjects were strongly
right-handed [mean Laterality Quotient=94.3 on the
Edinburgh Handedness Inventory (Oldfield, 1971)]. Po-
tential subjects were excluded if they had a history of
neurological or medical disease or were taking psy-
choactive medications. Written informed consent was
obtained from each subject in accordance with institu-
tional guidelines approved by the Medical College of
Wisconsin. Two additional subjects were excluded be-
cause their accuracy rate fell below 70% correct on one
or more of the experimental conditions.

Task Procedures

Subjects performed finger-key presses in response to
numerical sequences that were presented visually on a
screen. The subject rested his or her index (‘‘1’’), middle
(‘‘2’’), and ring (‘‘3’’) fingers of the right hand on
response keys that were arranged horizontally on a
box, which was taped to the subject’s right thigh and
occluded from sight. There was a one-to-one mapping
between a digit and a key. The digits 1, 2, and 3
corresponded to the left, middle, and right keys, respec-
tively. Likewise, the left, middle, and right keys were
always pressed using the index, middle, and ring fingers,
respectively. Subjects were instructed not to move their
left hand. Prior to each trial, subjects looked at the
center of a blank screen. A trial began with a 5-digit
number sequence appearing on the screen, cueing
subjects to immediately perform the sequence as quickly
and accurately as possible. The sequence remained on
the screen for 2.5 sec, thereby minimizing memory
demands, because the duration of the stimulus display
was typically as long as the total time to execute the
sequence (that is, RT+movement time [MT]). Specifi-
cally, conditions 7 and 8 (see below), which took the
longest to execute, were completed, on the average,
within 2023 msec (SD=±320 msec). Even if total execu-
tion time fell within 2 SD of the mean, the display would
have terminated while the subject was initiating the last
finger key press. Hence, it is unlikely that stimulus
duration covaried with sequence complexity in a way
that would have affected memory for the visual stimulus.
The inter-trial interval was 3.0 sec. Subjects briefly
practiced the sequencing conditions prior to scanning.

The dependent measures consisted of percent correct
trials, RT, and MT. A correct trial was defined as all five

key presses performed in the specified order. If subjects
pressed the wrong key or pressed two or more keys
simultaneously, the computer program registered an
error, and these trials were excluded from the RT and
MT data analyses. RT was measured from the time of
stimulus onset to the first key press, and MT was the
time from the end of the RT interval to the last key
press. RT reflects the amount of time it takes to plan a
sequence prior to movement, although response imple-
mentation time for the first key press is also included in
this interval. MT reflects ongoing planning, motor con-
trol and implementation processes, and the influence of
biomechanical factors associated with different effectors.

Table 2 depicts the experimental design and the
sequences that were used. Sequence condition was
blocked and within a block, one of three sequences
was randomly presented on each trial. For example, in
condition 1 (Table 2), one of three repetitive sequences
(‘‘11111’’, ‘‘22222’’, or ‘‘33333’’) was randomly pre-
sented on each trial. Conditions 2–8 consisted of het-
erogeneous sequences which varied systematically in the
number of transitions (0–4) and fingers (1–3). The
order of the conditions was counterbalanced across
subjects.

Functional Imaging

In the scanner, visual stimuli were computer-generated
and rear-projected onto an opaque screen located at the
subject’s feet. Subjects viewed the screen through prism
glasses and corrective lenses, if necessary. The viewing
distance was 230 cm. fMRI was conducted on a 1.5 T
General Electric Signa scanner equipped with a proto-
type 30.5 cm i.d. 3-axis local gradient head coil and an
elliptical endcapped quadrature radio frequency coil
allowing whole-brain functional imaging. Echo-planar
(EP) images were collected using a single-shot, blipped,
gradient-echo EP pulse sequence: echo time (TE)=40
msec; data acquisition time=40 msec, field of view
(FOV)=24 cm, resolution=64£64. Sixteen contiguous
sagittal 7-mm thick slices were selected to provide
coverage of the entire brain (voxel size: 3.75£3.75£7
mm). Prior to functional imaging, high resolution 3-D
spoiled gradient-recalled at steady-state (GRASS) ana-
tomic images were collected: TE=5 msec, repetition
time (TR)=24 msec, 408 flip angle, number of excita-
tions (NEX)=1, slice thickness=1.2 or 1.3 mm, FOV=24
cm, resolution=256£128. Foam padding was used to
limit head motion within the coil. Each image time series
was spatially registered in-plane to reduce the effects of
head motion using an iterative, linear, least squares
method (Keren, Peleg, & Brada, 1988). Linear drift in
each time series was removed using a regression analysis
(Bandettini, Jesmanowicz, Wong, & Hyde, 1993).

An imaging series consisted of 64 sequential EP
images collected with an interscan interval of 4 sec (total
scanning duration=256 sec). The first two images of
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each imaging series were removed from further analysis
to allow the MR signal to reach steady state. Each series
consisted of 10 cycles of a sequencing condition alter-
nating with rest. During rest periods, subjects were
instructed to remain still and look at the blank screen.
The sequencing condition and rest periods were three
images each (12 sec) in duration. Each activation cycle
contained four 3-sec sequence trials for a total of 40
trials per imaging series. Subjects underwent eight con-
secutive series, one for each of the sequence conditions
(Table 2). Order of the conditions was counterbalanced
across subjects.

Functional Image Generation

Two methods were employed for generating functional
images from an imaging time course. The first method
was used to compare the repetitive (condition 1) and
rest conditions within an imaging series by generating
statistical parametric maps (SPMs). The second method,
using cross-correlation analysis, enabled the use of
analysis of variance statistics to make comparisons
across imaging series to analyze the effects of varying
the number of fingers and transitions.

For the first method, functional images were created
by generating statistical SPMs of t-deviates reflecting
differences between the repetitive condition and rest
states at each voxel location for each subject (Rao et al.,
1997a, b). This analysis was conducted to examine the
regions that were activated by sequencing a simple
repetitive movement. Specifically, t-tests were con-
ducted at each voxel to measure changes in signal
intensity between each of the 10-task epochs in an
imaging series and a local baseline (that is, rest). The
first image (4 sec) in the repetitive condition and rest
periods was discarded from analysis due to the rise and
fall time of the hemodynamic response (Bandettini et al.,
1993). The first stage of the analysis involved averaging
the final two images in each of the 10-task epochs. Next,
the final two images of the rest periods preceding and
following each task (four images in all) were averaged. A
difference image was created by subtracting the average
rest image from the corresponding average repetitive
condition image. Each repetitive condition was com-
pared to the neutral, rest image so that all areas involved
in each repetitive condition could be localized. In all, 10
difference images were generated per subject. Finally,
these mean difference values were compared on a voxel-
by-voxel basis against a hypothetical mean of zero using
pooled-variance student t-tests.

For the second method, functional images were
generated using a cross-correlation technique (Bandet-
tini et al., 1993; Rao et al., 1997a,b) to identify regions
showing changes in activity as a function of the experi-
mental manipulations. A series of phase-shifted sinu-
soids were used as reference waveforms. A least-squares
fit between the reference waveforms and the time

course series was performed on a voxel-by-voxel basis.
The magnitude of the best fit (defined as the amplitude
of the sinusoid generating the highest correlation with
the time course) served as the functional image inten-
sity. If x(t) is a vector representing the acquired data in
a single voxel, and r(t) is a vector representing the
selected reference waveform for that voxel (that is, the
phase-shifted waveform with the best least-squares fit),
then the magnitude of the least squares fit is a number
a, such that a makes x(t)=a*r(t) a least squares fit. In
statistical terms, it can be shown that a=rx (t)*r (t)*(sx (t)/
sr (t)) where rx (t)*r (t) is the product–moment correla-
tion between x(t) and r(t) and sx (t) is the standard
deviation of x(t) and sr (t) is the standard deviation of
r(t). Since sx (t) is a measure of the amplitude of x(t),
and 1/sr (t) can be thought of as a constant applied to
each voxel, a can be conceived of as containing infor-
mation about the goodness of the least squares fit of the
acquired time series with the selected reference wave
form and the amplitude of the acquired time series.

Anatomical Standardization and Statistical
Evaluation

For both functional image generation methods, high-
resolution anatomical and functional images were
linearly interpolated to volumes with 1 mm3 voxels,
co-registered, and converted to stereotaxic coordinate
space (Talairach & Tournoux, 1988). Functional
images were blurred using a 4-mm Gaussian full-width
half-maximum filter to compensate for intersubject
variability in anatomic and functional anatomy.

For the within-imaging series analysis (method 1),
SPMs were averaged across the 15 subjects on a voxel-
by-voxel basis to identify all foci demonstrating signifi-
cant changes in image intensity within a single image
series (that is, sequence condition). Thus, each voxel
in the resulting averaged SPM contains an averaged t-
statistic. The procedure of averaging statistics was
chosen to guard against nonequal MR signal variances
between subjects. A threshold was then applied to the
averaged t-statistics to identify voxels in which the
mean change in MR signal between rest and task
was unlikely to be zero. The average of a set of t-
deviates is not a tabulated distribution. Therefore, the
Cornish–Fisher expansion of the inverse distribution
of a sum of random deviates (Fisher & Cornish, 1960)
was used to select a threshold (t=1.55, p<10–e 6) for
rejection of the null hypothesis. This threshold effec-
tively eliminates false positive voxels from the func-
tional maps.

For the between-imaging series analysis (method 2),
repeated measures ANOVA was applied on a voxel-by-
voxel basis across the 15 subjects. This analysis method
identified regions demonstrating changes in functional
activity associated with increasing sequence complexity.
The functional image intensity generated from the
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cross-correlation analysis was the dependent measure
(see above). Two ANOVAs were performed, one for
transitions and the other for fingers. The interaction
between the two factors was not examined because, in
the analyses of the behavioral data (see Results Section),
the finger X transition interaction was not significant for
RT, MT, or accuracy. To assess the effects of transitions,
functional intensity maps for conditions 3 and 4 (two
transitions), 5 and 6 (three transitions) and 7 and 8
(four transitions) were averaged (see Table 2) so that
the transition factor consisted of five levels (0–4). The
effect of transitions was compared using a cutoff F-value
of 4.17 ( p<.005, df=4, 56). The fingers effect was
assessed by averaging maps from conditions 2, 3, 5,
and 7 (two fingers) and 4, 6, and 8 (three fingers) so
that the finger factor consisted of three levels (1–3). A
cutoff F-value of 6.44 ( p<.005, df=2, 28) was applied to
test the effect of the number of fingers. The p<.005
cutoff was selected based on a reanalysis of the data
using randomized (aperiodic) reference waveforms (Rao
et al., 1997a,b). Using this procedure, no false positive
clusters were identified using this cutoff value.

For both methods, a cluster-size threshold of 0.2 ml
was applied as an additional procedure for removing
false positive activation foci from the brain maps (For-
man et al., 1995). Individual 3-D SPGR data from the 15
subjects were merged to produce an ‘‘average brain’’ for
anatomical reference.
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