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Abstract: Broca’s region in the dominant cerebral hemisphere is known to mediate the production of
language but also contributes to comprehension. Here, we report the differential participation of Broca’s
region in imagery of motion in humans. Healthy volunteers were studied with functional magnetic
resonance imaging (fMRI) while they imagined movement trajectories following different instructions.
Imagery of right-hand finger movements induced a cortical activation pattern including dorsal and
ventral portions of the premotor cortex, frontal medial wall areas, and cortical areas lining the intrapa-
rietal sulcus in both cerebral hemispheres. Imagery of movement observation and of a moving target
specifically activated the opercular portion of the inferior frontal cortex. A left-hemispheric dominance
was found for egocentric movements and a right-hemispheric dominance for movement characteristics in
space. To precisely localize these inferior frontal activations, the fMRI data were coregistered with
cytoarchitectonic maps of Broca’s areas 44 and 45 in a common reference space. It was found that the
activation areas in the opercular portion of the inferior frontal cortex were localized to area 44 of Broca’s
region. These activations of area 44 can be interpreted to possibly demonstrate the location of the human
analogue to the so-called mirror neurones found in inferior frontal cortex of nonhuman primates. We
suggest that area 44 mediates higher-order forelimb movement control resembling the neuronal mecha-
nisms subserving speech. Hum. Brain Mapping 11:273-285, 2000.  © 2000 Wiley-Liss, Inc.
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INTRODUCTION

Since the seminal case description by Broca [1861], it
has been well known that damage to the inferior fron-
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tal cortex severely disrupts language production [Me-
sulam, 1990; Liberman, 1996]. The advent of neuroim-
aging studies led to the insight that the posterior part
of the inferior frontal cortex actively participates in
language production [Petersen et al., 1988; Wise et al.,
1991; Zatorre et al., 1992; Swaab et al., 1995; Kim et al.,
1997]. More recently its involvement in visual and
auditory language comprehension and syntactic as
well as phonological processing has been advocated
[Pugh et al., 1996; Stromswold et al., 1996; Zatorre et
al., 1996; Friederici et al.,, 1997, Chee et al., 1999].
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Because Broca’s region occurred only in human brain
evolution, its functional role cannot be analyzed by
analogous experiments in nonhuman primates. Bro-
ca’s region consists of area 44 and 45, of which area 44
exhibits a possible homology to the inferior premotor
cortex in the monkey brain as was repeatedly pointed
out in cytocharchitectonic studies [von Bonin and
Bailey, 1947; Petrides and Pandya, 1994; Galaburda
and Pandya, 1982; Preuss et al., 1995]. More recently,
physiological evidence was obtained in the macaque
suggesting that area F5 in the inferior premotor cortex
at a comparable location to that of Broca’s region
contains neurones that match observed actions with
executed actions of the orofacial region and the upper
limb [Gallese et al., 1996; Rizzolatti et al., 1997]. Ac-
cordingly, Broca’s region might not only be critical for
speech but may play a more general role for motor
control by interfacing external information about mo-
tion with motor acts.

Support for this view was derived from neuroimag-
ing studies showing inferior frontal activations during
finger movement sequence learning, and imagery of
joy stick movements and object grasping [Seitz and
Roland, 1992; Decety et al., 1994; Stephan et al., 1995;
Grafton et al.,, 1996a, 1996b]. Recently, we demon-
strated by functional magnetic resonance imaging
(fMRI) that manipulation of complex objects engaged
the ventral premotor cortex, while recognition and
naming of the objects markedly activated the opercu-
lar and the triangular part of the inferior frontal cortex
[Binkofski et al., 1999]. Spatial normalization of the
activation data and localization in stereotactic coordi-
nates provided means to anatomically characterize
these activation areas. However, in all these studies it
was impossible to decide which cytoarchitectonic part
of Broca’s region participated in movement control, as
the stereotactic space of Talairach and Tournoux
[1988] is based on macroscopic aspects of the human
brain that has no definite relation to the cytoarchitec-

Abbreviations
AIP anterior intraparietal area
Cing cingulate cortex

DpP dorsal parietal cortex

FMRI functional magnetic resonance imaging
M1/851 sensorimotor cortex

PMC premotor cortex

SG imagery of somatosensory guided movements
SMA supplementary motor area

SO imagery of movement observation

TO imagery of moving target

VG imagery of visually guided movements

tonic parcellation of the constituting cortical areas
[Rademacher et al., 1993; Roland and Zilles, 1994].

Here, we explored which portion of Broca’s region
possesses motor representations of the dominant
hand. Because motor representations are rehearsed by
mentation even in the absence of movement, their
specific implementation loci can be identified in the
human brain by neuroimaging techniques [Jeannerod,
1994; Berthoz, 1996]. To this end, we designed a goal-
directed motor task that involved a spatially complex
movement and could readily be studied given the
technical constraints of fMRI scanning. Thus, the start-
ing point was an index finger movement employing
the maximal degree of freedom of controlled action.
To identify the representations related to movement
control, we adopted motor imagery tasks that had
either a somatosensory or visual focus or involved
observation of motion. While the former tasks were
expected to engage premotor and parietal cortical ar-
eas, the latter tasks aimed at identifying inferior fron-
tal premotor cortical areas related to processing of the
concept of movement or abstract motion. To specifi-
cally examine which portion of the inferior frontal
cortex was involved, fMRI activation data were inte-
grated with cytoarchitectonic information of Broca’s
region (i.e., cytoarchitectonic areas 44 and 45) [Brod-
mann, 1909] in a common spatial format [Roland and
Zilles, 1994]. The cytoarchitectonic information was
derived from 10 postmortem brains providing a prob-
abilistic reference frame to which functional activa-
tions were registered. In contrast, the Talairach atlas
[1988] is based on a brain ascribing Brodmann areas to
brain anatomy without a microscopical assessment of
the cytoarchitectonic parcellation of the cortical areas.
By our multimodal image coregistration approach we
were able to show that imagery of abstract motion was
associated with specific activation in cytoarchitectonic
area 44.

METHODS

Subjects

Six right-handed male subjects (age range: 25-40
years) with no history of neurological illness partici-
pated in this study. All of them gave an informed
consent. The study was approved by the Ethics Com-
mittee of the Heinrich-Heine-University Diisseldorf.
Right-handedness was assessed by the Edinburgh In-
ventory [Oldfield, 1971]. They had a mean score of
visual imagery of 21.8 = 2.1 (SD) as assessed by the
MRT-A [Peters et al., 1995].
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Behavioral Tasks

Subjects were lying comfortably in the scanner with
their arms relaxed. The scanner room was darkened.
EMG recordings from the first dorsal interosseus mus-
cle were performed to monitor muscle activity. The
subjects were required to perform seven different task
conditions:

Movement | (SG): Somatosensory guided movement

The subjects were instructed to produce with their
outstretched right index finger the infinite movement
of a horizontal double circle. They were required to
produce the movement as accurately as possible,
while focusing on the somatosensory sensation of
moving the finger. Their eyes were closed. Prior to
scanning the subjects were trained by a metronome
and asked to keep the 0.5 Hz pace during scanning.
The control period was rest with relaxing the arms
and the eyes closed.

Imagery | (SG)

During imagery of somatosensory guided move-
ment the subjects were asked to imagine moving their
right index finger in double circle form at a pace of 0.5
Hz while having their hands and arms relaxed. Again,
they were required to focus on the imagined somato-
sensory sensation of moving the finger, while having
their eyes closed. During the control period they were
asked to avoid motor imagery.

Movement 2 (VG): Visually guided movement

The double circle was presented by a light point
moving on a screen with a pace of 0.5 Hz. The screen
was positioned at the foot end of the scanner bed and
the target was presented to the subject through a
mirror placed above the subject’s eyes. Subjects were
required to attend to the light point and to pursue the
target with their right index finger as accurately as
possible. They could not see their moving hands dur-
ing the activation period. In the control period the
subjects viewed the light point in the center of the
screen having their arms relaxed.

Imagery 2 (VG)

During imagery of visually guided movement the
subjects were asked to imagine the movement of the
right index finger following the target while having
their eyes closed. No target was presented. During the

control period they were asked to avoid any imagery
having their eyes closed.

Imagery 3 (SO)

During imagery of self-observation, the subjects
were asked to imagine observing themself moving the
right index finger following the target, while they
were lying in the fMRI scanner. The instruction was to
have the eyes closed and to view the scene from an
appropriate distant perspective and to not move. Dur-
ing the control period the subjects were asked to avoid
any imagery and to have their eyes closed.

Imagery 4 (TO)

During imagery of target observation the subjects
were asked to imagine the light point moving on the
screen with their eyes closed. They were required to
imagine the path of the moving target but not to move
their own fingers. During the control period they were
asked to avoid any imagery having their eyes closed.

In a final condition, the subjects were required to
perform index tapping on the thumb of the right hand
at 0.5 Hz with their eyes closed. This condition served
to subtract movement-related activation from the
movement conditions. After scanning, the subjects
were asked whether they experienced imagery of the
conditions and whether they were able to differentiate
between the imagery conditions. They all reported
that they were able to direct their attention toward the
imagery goal during the active periods and to disre-
gard all imageries during the control periods. Eye
movements were not recorded because a reliable
method for eye movement recordings was not avail-
able.

Functional Imaging

Functional magnetic resonance imaging (fMRI) of
cerebral blood oxygen level-dependent signal changes
was performed on a Siemens 1.5T scanner with a
gradient booster and standard rf coil as described in
detail elsewhere [Binkofski et al., 1998, 1999]. Sixteen
contiguous horizontal slices parallel to the intercom-
missural line with a thickness of 4.4 mm were ac-
quired every 3 sec using echoplanar imaging se-
quences (TE = 66 ms, y = 90°). The field of view was
200 X 200 pixels in 64 X 64 matrix. In-plane resolution
of the image slices was 3.12 X 3.12 mm. The 16 image
slices covered the dorsal part of the brain above the
internal capsule. Each experiment consisted of 50 im-
ages representing five alternating control-active pairs
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allowing 10 images for each epoch. In addition, ana-
tomical imaging was performed using volumetric 3D
T1-weighted high-contrast sequences.

Imaging data were analyzed off-line using SPM96
software of the Leopold Miiller Functional Imaging
Laboratory, London. First, images were corrected for
head movements, signal intensity variation, normal-
ized spatially into stereotactic space and smoothed
with an 8-mm isotropic Gaussian kernel. Thereafter,
group analysis of the data was performed. Signifi-
cance was assessed using the delayed boxcar reference
function of the SPM96 software. Pixels were consid-
ered significant when they had a correlation of their
time series with the reference function exceeding a
Z-score of 2.66 (corresponding to a corrected P < 0.01).
They were localized in stereotactic space [Talairach
and Tournoux, 1988]. In addition, activated areas were
required to reach a cluster threshold of 0.05 (corrected
for resolution elements). For visualisation, color-
coded quantitative maps of positive contrasts were
superimposed onto the T1-weighted canonical SPM
templates.

Cytoarchitectonic Mapping

The areas 44 and 45 were mapped [Amunts et al.,
1997, 1999] in serial histological sections (20 wm)
stained for cell bodies of 10 human brains [Merker,
1983]. Both areas were identified using criteria of
Kononova [Kononova, 1949]. However, the exact lo-
cations of the borders of areas 44 and 45 were defined
by an observer-independent method. This method re-
quires the estimation of the fraction of cortical volume
occupied by nerve cell bodies by measuring the grey
level index from the border between layers I/1I to the
cortex/white-matter border [Schleicher and Zilles,
1990]. Multivariate statistics were applied for testing
differences in the laminar pattern of the grey level
index between neighboring areas (Mahalanobis dis-
tance and subsequent Hotelling T test). Data on the
extent of both areas on the histological sections was
transferred to the digitized images of the sections and
3D reconstructed. Corrections of deformations caused
by the histological technique were performed, and
brain volumes were transformed to the spatial stan-
dard reference format [Roland and Zilles, 1994; Schor-
mann et al., 1996]. The centers of gravity of areas 44
and 45 were identified in the right and left hemisphere
of each brain studied and localized in stereotactic
space [Talairach and Tournoux, 1988]. The mean Car-
tesian distances between areas 44 and 45 were calcu-
lated and evaluated for each hemisphere by t-test.
Also, the spatially normalized, high-resolution MR

images of the subjects were transformed into the spa-
tial standard reference format of the European Com-
puterized Human Brain Database (ECHBD) [Roland
and Zilles, 1994]. Thereby, transformation parameters
were created which were then used to transform the
activation maps into the spatial standard reference
format. Finally, the superimposition of corresponding
cytoarchitectonic areas of the individual brains in the
ECHBD format was used for the estimation of inter-
subject variability in the extent of the areas.

RESULTS
Movement Trajectories

Participants imagined or executed the movement
trajectories with their right index finger under chang-
ing conditions. The trajectory was an infinite horizon-
tal double circle that had to be performed within 2 sec
(Fig. 1). In the movement conditions the subjects had
to generate the movements by themselves without
external pacing; however, prior to each scan they were
acquainted with a 0.5 Hz metronome pacing. Electro-
myographic recordings ascertained that there was no
muscle activity in the small hand muscles during the
imagery conditions.

Somatosensory Guided Finger Movements

During self-generated movements under the atten-
tive focus of somatosensory guidance compared with
rest (Movement 1) activations occurred in the left sen-
sorimotor cortex, bilateral in the premotor cortex, the
supplementary motor area, and cingulate cortex, and
in the cortex lining the intraparietal sulcus (Fig. 2,
Table I). Compared with simple thumb-index finger
tapping movements, the activations in the more dorsal
parts of the premotor cortex and in the anterior pari-
etal cortex of both hemispheres were significant (Table
I). Imagery of these self-generated movements (Imag-
ery 1) compared with rest also involved activations
bilateral in the dorsal portion of the premotor cortex,
in the supplementary motor area, in the left cingulate,
and the cortex lining the left intraparietal sulcus (Fig.
2, Table I). The activations in the left cingulate and in
the intraparietal sulcus closely correspond to the acti-
vation pattern related to imagery of graphomotor tra-
jectories as reported recently [Seitz et al., 1997].

Visually Guided Finger Movements

During self-generated movements under visual
guidance (Movement 2) activations occurred in the left
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Figure 1.
Motion trajectory. The double circle displayed on the screen
during visually guided finger movements occupied 4° of the visual
field of the subject. Performance of the motor and imagery tasks
was paced to 0.5 Hz according to prescanning training.

sensorimotor cortex, bilateral in the premotor cortex,
the left supplementary motor area, the left cingulate
cortex, and in the cortex lining the left intraparietal
sulcus (Fig. 2, Table I). Compared with simple thumb-
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Movement 2 (VG)

index finger tapping movements, the activations in the
premotor cortex and in the anterior parietal cortex of
left hemisphere were significant (Table I). Imagery of
these visually guided movements compared with rest
(Imagery 2) involved activations bilateral in the dorsal
portion of the premotor cortex, in the supplementary
motor area, and bilateral in the cortex lining the in-
traparietal sulcus (Fig. 2, Table I). This activation oc-
curred in a more posterior location of the intraparietal
sulcus than in Imagery 1.

Imagery of Abstract Movements

During imagery of movement observation com-
pared with rest (Imagery 3), activations occurred bi-
lateral in the premotor cortex, the supplementary mo-
tor area, the cingulate, and in areas of cortex lining the
left intraparietal sulcus being as extensive as in Imag-
ery 1 and 2 together (Table II, Fig 2). Furthermore, this
type of imagery involving the egocentric view from an
observer’s perspective was accompanied by an activa-
tion of the opercular part of the left inferior frontal
cortex (Fig. 2). During imagery of a moving target
compared with rest (Imagery 4), only few activation
areas in the premotor cortex occurred including an
activated area in a homologue location in the opercu-
lar part of the right inferior frontal cortex (Table 1II, Fig.
2). However, during this imagery condition of external
motion there was no activation in the frontal mesial
wall areas or of the parietal cortex (Table II). The
activations in the opercular parts of the inferior frontal
cortex were specific for the mental processing of ab-

Imagery 2 (VG) Imagery 3 (SO) Imagery 4 (TO)
e ez T

FAN

S
=

Figure 2.

Axial and frontal SPM look-through projections of the activations
in the different behavioural conditions compared with rest. Move-
ment | (SG): Somatosensory guided movement. Imagery | (SG):
Imagery of somatosensory guided movement. Movement 2 (VG):
Visually guided movement. Imagery 2 (VG): Imagery of visually

guided movement. Imagery 3 (SO): Imagery of self-observation.
Imagery 4 (TO): Imagery of target observation. In all conditions
the subjects had their eyes closed except for Movement 3 (VG)
and the corresponding control state when the subjects viewed the
target on the screen. Right in the images is left in the subjects.
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TABLE I. Activations in execution and imagery of finger movement trajectories

Imagery of
Stereotactic Somatosensory somatosensory Imagery of
coordinates guided guided Visually guided visually guided
Area (x, y, z in mm) movement movement movement movement
L M1/S1 —44, —32, 46 7.75 6.66
R PMC
Dorsal 39, -9, 49 4.75% 5.08 4.48 4.55
Ventral 59, 2,27 4.72% 3.74% 3.79
Opercular 56, 8, 6
L PMC
Dorsal —38, —10, 50 5.76* 4.50 5.52* 5.09
Opercular —56, 8, 16
R SMA 4,0,50 3.59 3.61 3.05
L SMA -5, —4, 50 5.21 4.93 417 4.29
R Cing 8,12, 36
L Cing -5, —8, 38 4.88 3.10
R aIP 38, —38, 44 4.82% 4.55
L aIP —40, —40, 40 4.20* 4.21 4.12%
L pIP —40, —56, 52 4.10* 3.32% 4.06
R DP 12, =76, 52 3.64

The maximal Z-scores of the activations compared with rest are given for each activated area in stereotactic space (Talairach and Tournoux,
1988). During execution of the visual guided movement and the corresponding control condition the subjects had their eyes open. M1/S1:
Sensorimotor cortex, PMC: lateral premotor cortex, SMA: supplementary motor area, Cing: cingulate cortex, alP: anterior parietal cortex,
pIP: posterior parietal cortex, DP: dorsal parietal cortex. Asterisk indicates significant activation compared to simple thumb-index tapping

(P < 0.05 corrected).

stract movement characteristics that became evident
from the direct comparison with imagery of visually
guided finger movements (Table II). Moreover, the
right-left asymmetry was substantiated by the direct
comparison of movement imagery from an observer’s
perspective and imagery of an externally moving tar-
get (Table II).

Common and Different Activations

Compared with rest, the premotor cortex was acti-
vated bilateral in the dorsal portions in all movement
and imagery conditions (Tables I, II). By contrast, the
right ventral and the opercular activations differed
between conditions. Like the activations in the oper-
cular part of the inferior frontal cortex, the ventral
premotor areas were activated on the left side in im-
agery of movement observation (Imagery 3), while the
right ventral premotor activation occurred in imagery
of a moving target (Imagery 4). At the mesial surface
of the frontal cortex there was a bilateral activation in
the conditions concerned with movement of body
parts (Fig. 2, Table I, II). During the two movement
conditions these activations most probably included
the supplementary motor area, while during imagery
of finger movements (Imagery 1, 2, and 3), the activa-

tion was more extended and included also the anterior
cingulate. In contrast, there was no activation of the
frontal medial wall areas during imagery of the exter-
nal moving target (Fig. 2). In all imagery conditions
the sensorimotor cortex showed no significant signal
changes compared with rest. This contrasted to the
activation of left sensorimotor cortex during the two
finger movement conditions (Table I). The activations
in the posterior parietal cortex were more pronounced
in the left than in the right cerebral hemisphere (Fig. 2,
Table I). They were located in a more anterior position
around the anterior intraparietal sulcus during execu-
tion and imagery of self generated movements (Move-
ment 1 and Imagery 1) and in a more posterior posi-
tion during execution and imagery of visually guided
movements (Movement 2 and Imagery 2). Both areas
were activated during imagery of movement observa-
tion (Imagery 3). In contrast, no parietal activations
occurred during imagery of the moving target (Imag-
ery 4, Table II).

Cytoarchitectonic Identification
The fMRI activation maps were realigned with

maps of cytoarchitectonic area 44 in a common refer-
ence space [Roland and Zilles, 1994]. Localization of
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TABLE Il. Activations in imagery of motion

Imagery of
Stereotactic movement Imagery of
Area coordinates  observation moving target
R PMC
Dorsal 39, -9, 49 411 4.02
Ventral 59, 2,27 3.36*
Opercular 56, 8, 6 3.79*
L PMC
Dorsal -38, —10, 50 4.40 3.20
Ventral —56, 4, 36 4.40*
Opercular  —56, 8, 16 4.04*
R SMA 4,0,50 4.27
L SMA =5, —4, 50 4.40
R Cing 8,12, 36 3.20
L Cing -5, -8, 38 3.12
R alP 38, —38, 44
L alP —40, —40, 40 3.40
L pIP —40, —56, 52 3.40*

The maximal Z-scores of the activations compared with rest are
given for each activated area in stereotactic space (Talairach and
Tournoux, 1988). PMC: lateral premotor cortex, SMA: supplemen-
tary motor area, Cing: cingulate cortex, alP: anterior parietal cortex,
pIP: posterior parietal cortex indicates significant activation (P <
0.05 corrected) compared to imagery of visually guided finger
movements (Imagery 2 VG) as well as in direct comparison to
imagery of movement observation (Imagery 3 SO) and imagery of
moving target (Imagery 4 TO), respectively.

area 44 and identification of its cytoarchitectonic char-
acteristics as determined by cortical grey level mea-
surements are shown in Figure 3. The Nissl stained
cortex showed a cytoarchitectonic border to adjacent
areas such as areas 45 and 47, and 6. The peaks in the
profiles of the grey matter levels marked the borders
between adjacent cytoarchitectonic areas. Spatial stan-
dardization allowed us to compare the spatial extent
and location of areas 44 and 45 in the brains studied.
It became apparent that the centers of gravity of areas
44 and 45 were different in location in either hemi-
sphere (Table III). In both hemispheres area 45 was
significantly (P < 0.005) more rostral than area 44. The
coregistration with the fMRI data revealed that area 44
in the frontal opercular cortex occurred in an almost
mirror-like location in the left and right hemisphere,
respectively (Fig. 4). This figure shows also the ana-
tomical overlap of the inferior frontal activation area
with area 44. This functional-anatomic area of overlap
is marked in pink (Fig. 4). It is evident that the acti-
vated area did not map to ventral area 6 of premotor
cortex but to area 44 of Broca’s region. Comparing the
centers of gravity of the opercular activations and of
the spatial extent of area 44, it could be shown that the

activation centered some 3 mm caudal to area 44,
while area 45 was more than 15 mm rostral to area 44
(Tables II and III). The data were supported by the
analysis of the mean area of functional-anatomic over-
lap of the activation areas and cytoarchitectonic area
44. It was apparent that at a 50% isocontour level of
cytoarchitectonic area 44 there was a 45% overlap with
the activation area in Imagery 3 (SO) and a 67% over-
lap in Imagery 4 (TO).

DISCUSSION
The Role of Area 44 for Imagery of Motion

In this study we have shown that the posterior,
opercular part of the human inferior frontal cortex
became specifically engaged during imagery of ab-
stract movement. Imagery of abstract movement re-
ferred to the two conditions in which movement had
to be imagined from a third party’s perspective. In one
condition the task was imagery of one’s own move-
ment (Imagery 3), while in the other task it was the
imagery of a moving target (Imagery 4). The observa-
tion that both of these tasks activated the inferior
frontal cortex corresponds to the activations of the
opercular frontal cortex reported recently in relation
to mental identification of limb orientation and ges-
tures, motor imagery [Decety et al., 1994” Bonda et al.,
1995; Parsons et al., 1995; Grafton et al., 1996; Decety et
al., 1997] and during object manipulation [Binkofski et
al., 1999]. Because there is profound interindividual
variability of the location and spatial extent of the pars
opercularis of the human inferior frontal cortex as well
as of the cytoarchitectonic areas 44 and 45 [Amunts et
al., 1999; Tomaiuolo et al., 1999], it remained unre-
solved in these studies to which cytoarchitectonic loci
these activations belong. The new finding of our study
is that these most ventral activations were located in
area 44 in either hemisphere as demonstrated with
spatially aligned cytoarchitectonic maps (Fig. 4).
Moreover, we showed that the center of gravity of
area 44 was significantly caudal to area 45 (Table III)
and rostral to lower area 6 of premotor cortex. We
suggest that these opercular activations in humans
may correspond to neuronal activations related to ac-
tion perception and recognition as reported for a set of
neurones in the ventral premotor cortex of macaques
[Jeannerod et al., 1995; Rizzolatti et al., 1996]. Interest-
ingly, in our study the inferior frontal cortex was not
activated by imagery of finger movements but of more
derived concepts of motion. In analogy to a lack of
activation in premotor cortex in less as compared with
more demanding conditions [Binkofski et al., 1999],
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Figure 3.

Cytoarchitectonic identification and localisation of area 44. (a)
Niss| stained cortex of area 44, arror indicates cytoarchitectonic
border to area 47. (b) Localization of area 44 in the inferior frontal
cortex in a coronal section of one human brain; prcs = precentral

imagery of the finger movement trajectories might
have been a too simple task for the subjects being not
sufficient to activate Broca’s region.

A further important finding is our observation of
hemispheric asymmetry of this activation depending
on the context of mental processing. During imagery
of one’s own limb motion, from an observer’s perspec-

sulcus; ds = diagonal sulcus; cs = central sulcus; pop = pars
opercularis of inferior frontal gyrus. (c) Profile of grey matter
levels with peak indicative of border between areas 44 and 47.

tive there was left-hemispheric activation of area 44,
whereas during imagery of spatial target motion in
extrapersonal space, significant activation of the right
area 44 became apparent. The latter observation cor-
responds to a recent finding by Vallar et al. [1999] who
reported right inferior frontal activation when subjects
were required to indicate the midsagittal plane of a
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TABLE Illl. Localization of cytoarchitectonic areas 44 and 45 in Talairach space

Area 44 right Area 45 right

Area 44 left Area 45 left

X y VA X y VA X y VA X y Z
425 116 19.9 45.1 28.7 189 —425 116 19.9 —427 26.1 17.0
(3.1) (6.9) (4.5) 2.1) 3.1) (3.6) 3.1) (6.8) (4.5) @.1) (6.9) (5)

Mean stereotactic coordinates (mm +/— SD) of the centres of gravity of the cytoarchitectonic areas in mm. On the right side area 45 is 16

mm and on the left side 18 mm rostral to area 44 (P < 0.005).

moving target. Activation of the inferior frontal cortex
and of Broca’s area has so far been shown during
language comprehension and production [Petersen et
al., 1988; Wise et al., 1991; Zatorre et al., 1992; Swaab et
al., 1995; Buckner et al., 1996; Pugh et al., 1996; Strom-
swold et al., 1996; Zatorre et al., 1996; Friederici et al.,
1997; Kim et al., 1997]. Electrical stimulation of Broca’s
area interferes with language production [Ojemann,
1993]. Thus, Broca’s area is critical for speech produc-
tion, but it also has receptive capacities that can be
subjected to acoustic learning [Schéffler et al., 1993;
Merzenich et al., 1996; Bookheimer et al., 1997]. The
right hemisphere homologue was shown to be criti-
cally involved in explicit motor sequence learning and
associative motor learning [Seitz et al., 1992; Rauch et
al., 1995; Hazeltine et al., 1997]. Similarly, overt and
covert production of gestures was shown to activate
the right hemispheric inferior frontal cortex [Bonda et
al., 1995; Parsons et al., 1995; Decety et al., 1994, 1997].
Therefore, these data support the view that the left
hemispheric activation of Broca’s region reflected
“pragmatic” motor processing, while the right hemi-
spheric activation of Broca’s homologue was related to
explicit motor processing of motion.

Here, we propose a more general view on these
frontal opercular areas. In the monkey there is a large
distal hand movement representation in the corre-
sponding rostralmost part of ventral premotor cortex
[Rizzolatti et al., 1981; Kurata and Tanji, 1986; Rizzo-
latti et al., 1988; Wise, 1991; Hepp-Reymond et al.,
1994]. Some of the neurons in this so-called area F5
discharge during motor acts and in response to visual
presentation of macrogeometric objects provided that
these are congruent with the type of prehension coded
by the recorded neurone [Gallese et al., 1996; Murata
et al., 1997; Rizzolatti et al., 1988]. We argue that area
44 in the human frontal opercular cortex is important
for the execution, recognition, and imagery of skilled
forelimb movements. For comparison, using the same
fMRI-cytoarchitectonic coregistration approach, it was
found that area 45 seems to be related to processing of
more abstract information inclusive of working mem-

ory [Amunts et al., 1997]. Under the premise that
human area 44 accommodates mirror-neurons, area 44
appears suited to mediate the individual’s interaction
with other subjects by subserving the understanding
other people’s motor acts and the generation of re-
sponsive motor acts by the individual [Rizzolatti et al.,
1997]. These movements are usually communicative
gestures or articulatory synergies conveying linguistic
information. It is unclear, whether motor imagery and
recognition of motion as such involve silent speech. In
our experiments, however, the task requirements in-
volved information processing related to forelimb
movements but no naming or language production. It
is therefore unlikely that silent speech was engaged in
this experiment.

Area 44 as Part of a Motor Network

The participation of other premotor areas during
motor imagery clearly supports the view that the hu-
man premotor cortex comprises different subareas as
similarly demonstrated in the monkey [Rizzolatti et
al., 1988; Tanji 1994]. At the cerebral convexity, the
dorsolateral subareas were almost symmetrically dis-
tributed in the cerebral hemispheres not only during
imagery of abstract motion but also during execution
and imagery of movements guided by somatosensory
or visual control. These data correspond to similar
activation areas during trajectorial movements
[Grafton et al.,, 1996a; Seitz et al., 1997]. Most likely
they are related to the performance of sensory-in-
structed movements [diPellegrino and Wise, 1993],
which has been shown to be specifically impaired in
patients with lesions of premotor cortex [Halsband
and Freund, 1990]. Due to the tight anatomical con-
nections with the parietal lobe, the more dorsal sub-
areas probably receive input from the superior poste-
rior parietal cortex, whereas the more ventral parts
probably receive input from the anterior inferior pa-
rietal cortex [Luppino et al., 1991; Geyer et al., 1998].
Evidence from microelectrodes recordings in primates
and from neuroimaging studies in humans suggests
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Figure 4.

Intermodal integration of activation and cytoarchitectonic areas
on MRI. Superimposition of the inferior frontal activation area
(pink) onto cytoarchitectonic area 44: upper row, 67% overlap
with mean cytoarchitectonic area during imagery of the moving
target, middle row, 45% overlap during imagery of movement
observation. Activations compared with rest. Right in the image
corresponds to left in the subjects. The degree of spatial overlap
of cytoarchitectonic area 44 among the postmortem brains is
color coded according to the color bar (I brain = blue, 10

brains = brown). a = ascending branch of the lateral fissure; h =
horizontal branch of the lateral fissure; prc = precentral sulcus;
d = diagonal sulcus; If = lateral fissure; if = inferior frontal sulcus;
levels 10 and 20 mm dorsal to the intercommissural line. Lower
row, localization of the activated areas on the lateral views of both
cerebral hemispheres related to imagery of movement with so-
matosensory guidance (Imagery | SG), visual guidance (Imagery 2
VG), movement observation (Imagery 3 SO), and of the moving
target (Imagery 4 TO).
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that attentive processing of motor-related information
is mediated by the cortex lining the intraparietal sul-
cus and the middle and dorsal parts of the premotor
cortex [Jeannerod et al., 1995; Seitz et al., 1997; Cor-
betta et al., 1998]. Notably, these dorsal and ventral
premotor activations occurred in locations that are
engaged also by oculomotor tasks [Luna et al., 1998;
Heide et al., 1999] reflecting the close association to
eye movements and, possibly, the direction of atten-
tion to the tasks demands.

The cortex along the anterior and posterior part of
the intraparietal sulcus participated differentially in
motor imagery. There was a left hemispheric domi-
nance particularly in the anterior part that has been
shown to be critically involved also in somatosensory
and visually guided grasping, as well as pointing and
reaching [Faillenot et al., 1997; Lacquaniti et al., 1997;
Binkofski et al., 1998]. These observations accord with
observations in nonhuman primates showing that
neurons in the cortex lining the anterior part of the
intraparietal sulcus discharge also during object hold-
ing and manipulation [Sakata et al., 1992; Jeannerod et
al., 1995]. In contrast, the more posterior portions of
the parietal cortex are engaged during visuomotor
transformations, matching of visually presented ob-
jects, and retrieval of learned finger movement se-
quences [Faillenot et al., 1997; Seitz et al., 1997; Sakai et
al., 1998]. No activations were observed in the supe-
rior parietal cortex or in the precuneus, which have
been shown to become activated during the perfor-
mance of complicated spatial arm movements and
finger movements [Seitz and Roland, 1992; Grafton et
al., 1992]. The specific activations in the cortex lining
the intraparietal sulcus could implicate involvement
related to the generation of the body scheme.

The activations in frontomesial cortex occurred in a
region that probably correspond to the SMA and the
ventrally adjacent cingulate motor areas [Shima et al.,
1991; Matelli et al., 1991]. These areas were only en-
gaged in relation to internal, body-centered motor
coding irrespective of sole mental movement process-
ing or real movement execution. This corresponded to
similar electrophysiological and neuroimaging find-
ings in nonhuman primates humans and to data on
movement initiation and selection [Deiber et al., 1991;
Tanji, 1994; Stephan et al., 1995; Jahanshahi et al., 1995;
MacKinnon et al., 1996]. The activation of the right
anterior cingulate gyrus during imagery of movement
observation may be related to divided attention to
different sensory cues [Pardo et al.,, 1990]. Thus, al-
though no network analysis was performed, our data
show that activation of area 44 is part of a large-scale
network subserving action.

In contrast to the active finger movement condi-
tions, no activations were present in the motor cortex
during the imagery conditions. Although discrete ac-
tivity changes were reported to occur in motor cortex
during motor imagery [Porro et al., 1996; Roth et al,,
1996; Parsons and Fox, 1997], our negative findings
based on omnibus statistics are in good agreement to
previous neuroimaging studies on motor imagery
[Seitz et al., 1997; Stephan et al., 1995]. Thus, our data
accord with the hypothesis that movement represen-
tations are maintained in the brain in absence of move-
ment execution [Jeannerod, 1994; Berthoz, 1996]. Fur-
ther, in neither condition did we observe activations in
the visual motion area MT [Watson et al., 1993; Tootell
et al., 1995; Goebel et al., 1998], which might be due to
the fact that by scanning 16 consecutive axial planes
we did not sample information from this lower part of
the brain. Taken together, our data suggest that the
representations concerned with interactive aspects of
human movement control with the external world
seem to be localized in the frontal opercular cortex. In
that context, cytoarchitectonic area 44 seems to sub-
serve the recognition of abstract motor behavior that is
relevant for communication [Liberman, 1996].
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