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Neural representations of skilled movement
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Medical Center and Departments of Neurology and
Psychology and *Department of Psychiatry, University of
New Mexico, Albuguerque, and *Department of Psychology,
University of California, Berkeley, California, USA

Summary

The frontal and parietal cortex are intimately involved
in the representation of goal-directed movements, but the
crucial neuroanatomical sites are not well established in
humans. In order to identify these sites more precisely,
we studied stroke patients who had the classic syndrome
of ideomotor limb apraxia, which disrupts goal-directed
movements, such as writing or brushing teeth. Patients
with and without limb apraxia were identified by assessing
errors imitating gestures and specifying a cut-off for
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apraxia relative to a normal control group. We then used
MRI or CT for lesion localization and compared areas of
overlap in those patients with and without limb apraxia.
Patients with ideomotor limb apraxia had damage
lateralized to a left hemispheric network involving the
middle frontal gyrus and intraparietal sulcus region.
Thus, the results revealed that discrete areas in the left
hemisphere of humans are critical for control of complex
goal-directed movements.
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Introduction

The neural systems essential for representing highly skilled
movements in humans are not well understood. Research in
monkeys and humans has emphasized the importance of the
parietal and frontal cortex in a variety of cognitive-motor
functions including the storage and retrieval of representations
that specify ‘how’ a movement is performed (e.g. hand shape,
direction, speed) (Goodale and Milner, 1992; Gallese et al.,
1994; Jeannerod, 1997; Kalaska et al., 1997; Rizzolatti et al.,
1998). Multiple parallel frontoparietal circuits are thought to
support the computations necessary for translating an action
goal into movement by integrating sensory input with central
representations of movement based upon prior experience.
However, knowledge of the behavioural and the neural
underpinnings of movement representations has been derived
largely from investigations of reaching and grasping objects
in single human patients and in monkeys. In order to assess
more broadly the importance of frontoparietal circuits in
skilled movement, it is essential to examine deficits in groups
of patients with focal lesions and to examine the role these
systems play in representing more complex actions, such as
hand gestures, which may depend on both common and
distinct, cognitive mechanisms.

We compared the areas of common damage between stroke
patients with and without spatiotemporal deficits in gesture
imitation, which are characteristic of ideomotor limb apraxia.
To identify discrete areas of common damage in each group
we used a computerized method (Frey et al., 1987) to
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reconstruct lesions traced from MRIs. This method has been
shown to identify neural networks underlying other disorders
(Harrington et al., 1998). It should be more sensitive to
subtle differences in areas of brain damage than methods
used previously to examine the neuroanatomical correlates
of ideomotor limb apraxia (Basso et al., 1980; De Renzi
et al., 1983; Kertesz and Ferro, 1984; Alexander et al., 1992;
Roy et al., 1998) because it specifies the degree of common
damage quantitatively in very small areas of the brain (e.g.
part of premotor cortex on the middle frontal gyrus). We
predicted that patients with ideomotor limb apraxia would
demonstrate greater damage to the frontal or parietal cortex
relative to patients without limb apraxia because the frontal
and parietal cortex is involved in reaching and grasping
movements, and gesture imitation depends upon some of
the same cognitive mechanisms as reaching and grasping
movements. This prediction is consistent with other work
relating ideomotor limb apraxia to deficits in planning and
sequencing responses (Harrington and Haaland, 1992), which
are dependent upon the left inferior parietal lobe (Harrington
et al., 2000), and to deficits in selecting and retrieving motor
representations (Heilman et al., 1982), which have been linked
to the left frontal lobe (Schluter ez al., 1998). Additionally, the
spatiotemporal errors made by patients with ideomotor limb
apraxia are similar to those seen with reaching and grasping.
For instance, patients pantomiming carving a turkey use jerky
vertical movements rather than smooth horizontal movements
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Fig. 1 Examples of errors made by patients with ideomotor limb apraxia. (A) Hand position and
movement errors when imitating a writing movement. The patient incorrectly performs sequential
oppositions of the thumb and fingers. (B) The examiner’s demonstration of how to flip a coin. (C) Hand
orientation and hand position errors when the patient imitates flipping a coin. (D) Hand position error
characterized by opening hand when movement requires placing the index finger of fisted hand on ear.
(E) Hand orientation error when patient imitates a salute. (F) Body-part-as-object substitution error
when imitating brushing teeth. The patient uses the index finger as the toothbrush rather than imitating

holding the toothbrush.

(Poizner et al., 1998). Examples of the spatial errors made
by our apraxic patients when they were asked to imitate
movements (e.g. write, brush teeth, salute) are shown in
Fig. 1 and include errors in internal hand configuration, hand
orientation and body-part-as-object errors.

Methods

Lesion reconstruction

MRIs (Siemens or Picker 1.5 T machines) were obtained in
all stroke patients unless there were medical contraindications.
In those cases CTs (Siemens or Picker machines) were
obtained at least 3 months after stroke. CT slice thickness
was 10 mm with no gap between slices, and MRI slice
thickness was 5 mm with a slice gap of 1.5 or 2 mm. The
neurologist (R.T.K.), blinded to the apraxic status of the
patients, drew the area of damage for each patient on
11 horizontal sections (De Armond et al., 1989). These
tracings were retraced into a computer program (Frey et al.,
1987), which allowed us to overlap separately the areas of

damage in the apraxic and non-apraxic patients (see Fig. 3)
and calculate lesion volume. In order to facilitate localization,
patients were separated into three groups based upon whether
damage was anterior, posterior, or anterior and posterior to
the central sulcus.

Subjects and procedures
We studied 41 stroke patients with damage to the left
hemisphere of the brain (38 middle cerebral artery territory
and three posterior cerebral artery territory), 37 with damage
to the right hemisphere (33 middle cerebral artery territory,
three posterior cerebral artery territory, and one anterior
cerebral artery territory), and 75 non-brain damaged control
subjects. All were right handed, and consent from all subjects
was obtained according to the Declaration of Helsinki. The
Institutional Review Boards of the Veterans Affairs Medical
Center and University of New Mexico approved this research.
Limb apraxia was assessed by asking patients and normal
control subjects to imitate five meaningless (e.g. index finger
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Table 1 Characteristics of normal control and left hemisphere apraxic and non-apraxic

groups
Groups Control Apraxic Non-apraxic
mean mean mean
(standard deviation) (standard deviation) (standard deviation)
Number 75 17 24
Age (years) 65 (12) 67 (7) 60 (13)
Education (years) 14 (2) 14 (3) 14 (3)
Years post-stroke 5(5) 5()
Lesion volume (cc) 93 (66)* 40 (42)
Limb apraxia 1(1) 6 (2)* 1(1)
Speech? 20 (2) 10 (7)* 18 (5)
Auditory comprehension* 80 (1) 44 (23)* 75 (13)
Hemiplegia (%) 44%* 8%
Homonymous
hemianopia (%) 0% 4%

*Apraxics had larger lesions [F(1,39) = 10.0, P < 0.01], were more apraxic by definition, and
performed worse than non-apraxics on speech fluency [F(1,39) = 16.7, P < 0.001] and auditory
comprehension [F(1,39) = 29.7, P < 0.001]. Incidence of hemiplegia was also greater in the apraxics
than the non-apraxics (3> =6.40, P < 0.01). No other group differences were significant. "Number of
errors on 15-item limb apraxia battery (Haaland and Flaherty, 1984); four or more errors is defined as
apraxic (2 SD from control group mean). *Western Aphasia Battery (Kertesz, 1982); spontaneous
speech and sequential commands with maximum of 20 and 80, respectively.

on ear lobe), five intransitive (e.g. salute) and five transitive
(e.g. brush teeth) movements. When errors in internal hand
position (e.g. fist versus palm flat), orientation (e.g. vertical
versus horizontal), target (e.g. brush nose, not teeth) or body-
part-as-object (e.g. extend index finger to brush teeth) were
made the item was scored incorrect. Thus, more than one
type of error could be made on a single gesture, but only
one error per gesture was scored. Patients were considered
apraxic if they made spatiotemporal errors on four or more
of the 15 movements (2 SD greater than the normal control
group) (Haaland and Flaherty, 1984). Movement imitations
were videotaped for later consensus scoring by two raters.
There were no significant differences in the control group
whether they performed the movements with their right or
left hand, so the cutoff score for apraxia was based upon the
overall mean for left and right hand performance. The left
hemisphere stroke patients used their left hand and arm, and
the right hemisphere stroke patients used their right hand
and arm. The control group’s mean error score was 1.2
(SD = 1.1), and ideomotor limb apraxia was defined as
>2 SD above the control group’s mean error rate. Thus, any
stroke patient making >3.4 errors was designated as apraxic.

Only three of 37 patients with right hemisphere damage
were apraxic (8%), whereas 17 patients with left hemisphere
damage were apraxic (41%) and 24 were not apraxic (59%).
These results are consistent with previous research showing
that ideomotor limb apraxia is far more common after left
than right hemisphere damage (Geschwind, 1965; Haaland
and Flaherty, 1984). Because of the low incidence of limb
apraxia in the right hemisphere stroke patients, only the left
hemisphere stroke patients were examined to identify cortical
areas critical for praxis.

Table 1 shows that the apraxic and non-apraxic left

hemisphere stroke groups and the normal control group were
matched in age and education, and the apraxic and non-
apraxic stroke groups were similar in years post-stroke and
incidence of visual field cut. In contrast, the apraxic group
had larger lesions [F(1,39) = 10.0, P < 0.01], were more
apraxic by definition and performed worse than non-apraxics
on speech fluency [F(1,39) = 16.7, P < 0.001] and auditory
comprehension [F(1,39) = 29.7, P < 0.001]. Incidence of
hemiplegia was also greater in the apraxics than the non-
apraxics (X2 = 6.40, P < 0.01). However, when the apraxic
and non-apraxic groups were further divided by lesion
location (i.e. anterior, posterior, or anterior and posterior to
the central sulcus) the incidence of hemiplegia and lesion
size was comparable between the anterior apraxic and non-
apraxic groups, and between the posterior apraxic and non-
apraxic groups, which indicates that any differences in lesion
location cannot be attributed to larger lesions in the apraxic
groups. The apraxic patients with anterior and posterior
damage showed a higher incidence of hemiplegia (x> = 9.0,
P < 0.01) and a larger lesion volume (Mann—Whitney,
P = 0.028) than the non-apraxic group with anterior and
posterior damage.

Results

Figure 2 shows the apraxic group made more errors than the
other two groups [F(2,113) = 110.5, P < 0.001] for all three
movement types with greatest impairment for the transitive
movements [F(4,226) = 9.5, P < 0.001].

The incidence of apraxia was 36% for both the anterior
and posterior groups, suggesting that both areas are of equal
importance in controlling gesture imitation. This finding does
not preclude different roles for the frontal and parietal cortex,
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Fig. 2 Number of errors with SE bars on the meaningless,
intransitive and transitive movements in the control, apraxic and
non-apraxic groups. When no SE bars are shown, the SE is very
small.

but it is in agreement with our previous work showing that
spatial deficits in a simple arm reaching movement are similar
in apraxics with frontal or parietal lobe damage (Haaland
et al., 1999).

Figure 3 shows that all of the apraxic patients with anterior
damage had lesions in the middle frontal gyrus (slice 8, areas
9 and 46; slice 9, areas 46, 9, 8, 6 and 4). In contrast,
significantly fewer non-apraxic patients with anterior damage
had lesions in areas 9 and 46 on slice 8 (29%, X2 =12.96,
P < 0.001) and in areas 46, 9, 8, 6 and 4 on slice 9 (57%,
x2 = 4.84, P < 0.05). The majority (80%) of apraxic patients
with posterior damage had lesions in the inferior and superior
parietal cortex (slice 10, areas 7, 39 and 40) around the
intraparietal sulcus whereas only one non-apraxic patient
(11%) had damage in these same areas (x2 =19.36, P
< 0.001). A similar pattern of lesion overlap was found in
apraxic patients with large lesions extending into anterior
and posterior areas, but these groups are not the best cases
for accurate localization due to the large lesion volumes.
Nonetheless, all of these apraxic patients had damage to the
middle frontal gyrus (slice 8, areas 9 and 46) and 63% also
had damage in the superior and inferior parietal lobes (slice
10, areas 7, 39 and 40), whereas similar areas were less
frequently damaged in the non-apraxic anterior-posterior
group.

Slices 1-7 are not shown because these slices did not
differentiate apraxic and non-apraxic patients. Specifically,
the anterior and posterior non-apraxic groups demonstrate
>50% overlap only on slice 9 and the apraxic groups
demonstrated greatest overlap (80-100%) on slices 8, 9 and
10 only. While the anterior and posterior apraxic groups
demonstrated >50% overlap in several areas not shown in
Fig. 3 (anterior apraxics: slice 7, area 46 in the middle frontal
gyrus, 51 to 67% overlap; posterior apraxics: slices 6 and 7,
areas 22, 37 and 42 in the superior temporal lobe, 51—
67% overlap), the anterior and posterior non-apraxics also
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demonstrated considerable overlap in these same areas
(anterior non-apraxics: slice 7, area 46, 17-33% overlap;
posterior non-apraxics: slice 6, area 22 and 37, 17-50%
overlap; slice 7, area 42 and 22, 34-50% overlap), further
supporting our contention that those areas are not as important
in the control of praxis as the areas emphasized in slices 8,
9 and 10 in Fig. 3.

Discussion

These results support the role of frontoparietal circuits in
controlling complex skilled actions by demonstrating that
damage to the left middle frontal gyrus (areas 46, 9, 8 and
6) and the inferior and superior parietal cortex surrounding
the intraparietal sulcus (areas 7, 39 and 40) more commonly
produce ideomotor limb apraxia than damage to other areas.
The findings are consistent with Heilman’s model (Heilman
et al., 1982), which equally emphasizes the importance of
the frontal and parietal cortex in praxis, and are contrary to
the view that subcortical parietal lobe damage to the fibres
connecting the occipital and frontal cortex is primarily
responsible for ideomotor limb apraxia (Geschwind, 1965).
Despite the fact that 49% of our patients had subcortical
damage that could disconnect pathways between the frontal
and occipital cortex, damage to these pathways was not
commonly associated with limb apraxia. While two studies
reported that damage to fibre pathways produces apraxia
more commonly than cortical damage (Kertesz and Ferro,
1984; Roy et al., 1998), another found that subcortical fibre
pathways were damaged more frequently in non-apraxics
(Basso et al., 1980). The present study’s use of a more
precise method of measuring common areas of damage and
comparison of lesion location in a large group of apraxic
and non-apraxic patients to assess directly the regions that
are essential for praxis are the most likely explanations for
our success in localizing limb apraxia. Other explanations
include differences in patients, such as chronicity of damage
or aetiology, and differences in limb apraxia assessment.
Although our patients were less acute (>15 weeks post-
stroke) than some other studies that have examined neuro-
anatomical correlates of limb apraxia (Roy and Square-Storer,
1990; Alexander et al., 1992), when time post-stroke was
directly assessed it did not influence incidence or anatomical
correlates of apraxia (Basso et al., 1980; Kertesz and Ferro,
1984). Differences in aetiology do not explain differences
across these papers because the most comprehensive papers
that have examined the neuroanatomical correlates of limb
apraxia have used stroke patients, just like the current paper.
Differences in statistical approach may explain the fact that
one paper found no evidence of localization (Alexander et al.,
1992), in contrast to the other papers (Basso et al., 1980;
Kertesz and Ferro, 1984; Roy and Square-Storer, 1990),
because the former study used discriminant analyses, which
have low power with small sample sizes. The types of
gestures used and scoring criteria vary somewhat across the
different studies in terms of the items used, whether command
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and imitation or imitation alone is used, and the type of
errors considered. These differences could certainly influence
the neuroanatomical substrates. This is most clearly demon-
strated in Roy’s study (Roy and Square-Storer, 1990), which
found a higher incidence of limb apraxia after right hemi-
sphere damage than was found in the current study or most
other studies. This discrepancy suggests that the errors that
they identified are more dependent upon the right hemisphere
than the errors in other studies. However, exactly how such
methodological differences would affect  intra-
hemispheric neural substrates cannot be answered at this
point.

The current results emphasize the role of the dorsolateral
frontal and intraparietal cortex, but we cannot rule out the
role of the supplementary motor area in the neural control
of limb praxis because none of the left hemisphere-damaged
patients in our study had damage to the supplementary motor
area. Two studies have associated limb apraxia with damage
to the supplementary motor area (Masdeu and Schoene, 1978;
Watson et al., 1986), but others have not (Damasio and
Van Hoesen, 1983; Faglioni and Basso, 1985). Given the
low frequency of isolated damage to the supplementary motor
area, especially without involvement of the corpus callosum,
the influence of this area is difficult to study in brain-damaged
patients. However, the recently published fMRI study in
normal individuals (Moll et al., 2000) did not find activation
of the supplementary area during gesturing, which minimizes
its importance. Because our patients demonstrate apraxia
without damage to the supplementary area, our results clearly
demonstrate that damage to the supplementary motor area is
not necessary to produce limb apraxia.

Our findings are compatible with neuroanatomical research
delineating multiple interconnections between parietal and
frontal cortical areas (Pandya and Yeterian, 1998) and between
distinct areas within the frontal lobes (Strick, 1988) as well
as behavioural studies showing that both influence reaching
and grasping movements in monkeys and in humans with
focal lesions (Sakata, 1995; Jeannerod, 1997; Kalaska et al.,
1997; Rizzolatti et al., 1998). In addition, a recent functional
imaging study (Moll et al., 2000) demonstrated that the same
areas in the left dorsolateral prefrontal and intraparietal cortex
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were activated when gestures were performed or imagined
by normal individuals. Therefore, the current study offers
convergent evidence of the importance of these specific areas
within the left hemisphere in controlling gestures.

Damage to the parietal cortex disrupts the kinematic or
spatiotemporal aspects of movement, including transporting
the hand to the vicinity of a target and orienting and
positioning the hand to efficiently pick up objects (Taira
et al., 1990; Goodale and Milner, 1992; Jeannerod, 1997;
Kalaska et al., 1997). Three-dimensional kinematic analyses
of gestural performance in limb apraxic patients with parietal
lobe damage have also documented spatiotemporal deficits
(Poizner et al., 1998). In the monkey, hand manipulation
neurons have been identified in the parietal cortex (Sakata,
1995), and focal damage to these neurons produces deficits
in grip formation (Gallese et al., 1994). Additionally, deficits
in hand posture sequencing are more common after left
parietal than frontal damage (Kolb and Milner, 1981),
consistent with the purported role of the parietal lobe in
encoding relationships among abstract properties of sequential
movements (Harrington et al., 2000). Functional imaging
studies are compatible with a key role for the left parietal
cortex in representing higher order aspects of movement as
evidenced by its activation during the performance of learned
movements and during mental rotation of the hands (Bonda
et al., 1995; Shadmehr and Holcomb, 1997).

While the precise role of the middle frontal gyrus in limb
apraxia is not known, it has been associated with two aspects
of working memory. Area 6 has been related to short term
storage, and areas 9 and 46 have been related to active
manipulation of the stored information (Smith and Jonides,
1999). Areas 9 and 46 are also activated when preparing to
imitate simple movements (Krams et al., 1998) though the
specific cognitive mechanisms have not been identified.
Although the role of working memory has not been directly
examined in the context of goal-directed movements,
maintenance and manipulation of movement representations
is likely important for sustaining gestural input and comparing
it with retrieved motor representations. Our findings raise the
intriguing possibility that working memory requirements for

Table 2 Percentage of patients in each group with target or internal hand position errors

No. of Target errors (%) Internal hand position errors (%)
errors
Anterior Posterior* Anterior—posterior* Anterior Posterior Anterior—posterior*
0 100 20 37 0 40 0
1 0 60 25 25 20 0
2 0 20 13 50 40 25
3 0 0 12 0 0 13
4 0 0 0 25 0 0
=5 0 0 13 0 0 62

*Groups with significantly greater errors. Mann—Whitney U-tests confirmed that target errors were more common in the posterior

(P < 0.03) and the anterior-posterior (P = 0.058) groups relative to the anterior group. Internal hand position errors were more common
in the anterior-posterior group relative to the posterior group (P < 0.01) and the anterior group (P = 0.056), and there were no
significant differences between the anterior and posterior groups (P = 0.16).
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controlling complex movements are biased for left hemisphere
processing.

Areas 6 and 8 have been associated with selection and
retrieval of motor representations (Schluter ez al., 1998), and
ventral area 6 (premotor area), like the inferior parietal lobe,
has been linked to the visual-motor transformations necessary
to reach and grasp objects. However, in the present study,
target errors but not other error types were more common
with parietal than frontal lobe damage (see Table 2). In fact,
the anterior group made no target errors. This finding extends
previous research that has linked the parietal lobe to accurate
localization of targets in extrapersonal space (Jeannerod,
1997; Kalaska et al., 1997) by demonstrating that posterior
damage is associated with a higher incidence of target errors
that are largely in intrapersonal space. Many studies also
suggest that the parietal cortex, especially around the
intraparietal sulcus, represents pragmatic knowledge about
how an action is performed (Goodale and Milner, 1992;
Gallese et al., 1994; Sakata, 1995; Jeannerod, 1997), which
is probably important when imitating complex gestures that
require making a transformation from visual input in
extrapersonal space to responses that are dependent upon
motor representations in intrapersonal space. However, the
frequency of internal hand position errors, an index of these
representations, were similar in patients with anterior or
posterior damage. Similarly, a recent study found a similar
pattern of spatial errors on a reaching task in apraxics with
frontal or parietal cortex damage (Haaland er al., 1999).
While the independent roles of the frontal and parietal cortex
have been difficult to differentiate in other studies (Kalaska
et al., 1997; Rizzolatti et al., 1998), the present results
suggest different underlying mechanisms may be uncovered
by studying movement in contexts other than reaching and
grasping.

Our study clearly demonstrates left hemisphere dominance
for representing complex movements, consistent with many
focal lesion studies of simple goal-directed movements
(Haaland and Harrington, 1996). Functional imaging studies
in healthy adults also support left hemisphere dominance in
the motor or premotor cortex for simple movements (Kim
et al., 1993), by showing activation in the left hemisphere
when moving either hand and activation in the right
hemisphere only when moving the left hand. While the
specific processes subserved by the left hemisphere are
uncertain, the left premotor cortex appears to be involved in
the selection of movements of either hand (Schluter et al.,
1998), because choice reaction time was impaired in both
hands after left premotor cortex stimulation, but in the left
hand only after right premotor cortex stimulation. Importantly,
simple reaction times were not affected, demonstrating that
the disruption was specific to response selection rather than
motor activation. Others have reported greater left than right
parietal activation when performing mental rotations of the
hands, which are thought to rely upon internal representations,
suggesting that the left hemisphere plays a more central role

in the storage and retrieval of motor representations (Bonda
et al., 1995).

This is the first study to demonstrate directly the importance
of left middle frontal-intraparietal sulcus networks in limb
apraxia, consistent with neuroanatomical (Pandya and
Yeterian, 1998), electrophysiological (Kalaska et al., 1997;
Rizzolatti et al., 1998), and behavioural studies (Kolb and
Milner, 1981; Gallese et al., 1994; Jeannerod, 1997) that
implicate these areas in the storage and retrieval of movement
representations (Bonda et al., 1995; Jeannerod, 1997;
Shadmehr and Holcomb, 1997).
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