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Abstract

Background Apraxia is a motor-cognitive disorder that primary sensorimotor deficits cannot solely explain. Previous
research in stroke patients has focused on damage to the fronto-parietal praxis networks in the left hemisphere (LH)
as the cause of apraxic deficits. In contrast, the potential role of the (left) primary motor cortex (M1) has largely been
neglected. However, recent brain stimulation and lesion-mapping studies suggest an involvement of left M1 in motor
cognitive processes—over and above its role in motor execution. Therefore, this study explored whether the left M1
plays a specific role in apraxia.

Methods We identified 157 right-handed patients with first-ever unilateral LH stroke in the sub-acute phase

(<90 days post-stroke), for whom apraxia assessments performed with the ipsilesional left hand and lesion maps
were available. Utilizing the maximum probability map of Brodmann area 4 (representing M1) provided by the JuBrain
Anatomy Toolbox in SPM, patients were subdivided into two groups depending on whether their lesions involved
(n=40) or spared (n=117) left M1. We applied a mixed model ANCOVA with repeated measures to compare apraxic
deficits between the two patient groups, considering the factors “body part”and “gesture meaning”. Furthermore, we
explored potential differential effects of the anterior (4a) and posterior (4p) parts of Brodmann area 4 by correlation
analyses.

Results Patients with and without M1 involvement did not differ in age and time post-stroke but in lesion size. When
controlling for lesion size, the total apraxia scores did not differ significantly between groups. However, the mixed
model ANCOVA showed that LH stroke patients with lesions involving left M1 performed differentially worse

when imitating meaningless finger gestures. This effect was primarily driven by lesions affecting Brodmann area 4p.

Conclusions Even though many current definitions of apraxia disregard a relevant role of (left) M1, the observed
differential effect of M1 lesions, specifically involving subarea 4p, on the imitation of meaningless finger gestures
in the current sample of LH stroke patients suggests a specific role of left M1 in imitation when high amounts

of (motor) attention and sensorimotor integration are required.
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hand, finger), the type of task (imitation, pantomime,
actual tool use) and the meaning of gestures (meaningful
and meaningless) [4], based on behavioral dissociations
in patients with left hemisphere (LH) stroke (for an over-
view, see e.g. [2, 5].

Unfortunately, the definition of apraxia still depends on
exclusion criteria [6, 7]. As basic motor deficits are often
considered as one of these exclusion criteria, the pri-
mary motor cortex (M1) is rarely discussed as a relevant
lesion site causing apraxia. Nevertheless, several lesion-
mapping studies have revealed an association between
M1 lesions and apraxia [7—18]. These studies detected
statistically significant associations of left M1 lesions and
apraxic deficits of the ipsilesional left upper limb, thus
excluding contralesional paresis as a confounding fac-
tor. More precisely, lesions affecting the precentral gyrus
have been associated with deficits in the imitation of
arm/hand gestures [7, 11], the imitation of (meaningless)
finger gestures [9, 12], and the use of novel tools [16].

Notably, these lesion mapping studies did not consider
M1 subdivisions. Located in the precentral gyrus, M1
corresponds to Brodmann Area (BA) 4. It can be further
divided into two subdivisions (anterior BA 4 (BA 4a) and
posterior BA 4 (BA 4p), which differ in cytoarchitecture
[19], connectivity, and function. While BA 4a is primar-
ily connected to premotor areas, BA 4p mostly connects
to the primary sensory cortex [20]. Furthermore, BA 4p
is modulated by attention to motor actions (i.e., motor
attention), while BA 4a is not [20].

In this study, we explored the potential role of left
M1 lesions in apraxia after LH stroke. First, we exam-
ined whether the prevalence of apraxia differed in LH
stroke patients whose lesions involved M1 (n=40) or not
(n=117). Second, we investigated whether M1 lesions
were associated with specific apraxic deficits and if so,
whether BA 4a or BA 4p lesions differentially impacted
higher motor cognition.

Methods

Patient sample

In our motor cognition database that comprises the data
of our previously published studies on apraxia, neuropsy-
chological and lesion data of 299 patients with a first-ever
unilateral ischemic stroke to the left hemisphere were
available for analysis. These patients did not suffer from
prior neurological diseases affecting the central nerv-
ous system or clinically relevant psychiatric diseases.
For the current retrospective analyses, we selected those
right-handed patients with a subacute LH stroke (i.e.,
time post-stroke<90 days), from whom assessments of
apraxia (here: Cologne Apraxia Screening (KAS; [21]
and imitation tests by Goldenberg for hand positions
and finger configurations [22] and aphasia (here: the
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short form of the Aphasia check-list, ACL-K [23],) and
lesion maps were available. The final sample consisted
of 157 right-handed LH stroke patients [24] with an age
of 62.4+13.6 years (meani+standard deviation) at the
time of stroke and a time post-stroke of 18.5+16.7 days
(mean + standard deviation) at the time of apraxia scor-
ing. Data of these patients have been reported in previous
studies on apraxia in left hemisphere stroke [10, 25-29].
Data on motor assessments with the action research arm
test (ARAT, [30]) was available for 83 patients with left
hemisphere (LH) stroke.

Lesion data
To differentiate between LH stroke patients with lesions
involving and sparing the left M1, we used manually
delineated lesion maps (volumes of interest; VOIs) that
had been performed on the clinical CT (n=39) or MRI
(n=118) scans using the MRIcron software package. The
lesions had been drawn on axial slices of a T1-weighted
template MRI scan (ch2.nii) from the Montreal Neuro-
logical Institute (MNI) with a 1X1-mm in-plane reso-
lution in steps of 5 mm in MNI space onto the closest
matching axial slices of the patients’ cerebral imaging.
The M1 as the region of interest (ROI) was defined by
the combined maximum probability maps of Brodmann
areas 4a and 4p of the Julich Brain Anatomy Toolbox,
a plugin for SPM [31]. MRIcron (Version 02/09/2019,
https://www.nitrc.org/projects/mricron) was used to
compute the overlap between the M1-ROI (ie., BA
4) and the lesion map (volume of interest, VOI) of a
given patient. If at least one voxel overlapped, the cor-
responding LH stroke patient was allocated to the sub-
group “M1l-lesioned”. If there was no overlap between
the M1-ROI and the lesion map, the corresponding LH
stroke patient was allocated to the subgroup “M1-spared”.
We also computed the percentage of overlapping voxels
separately for subareas 4a and 4p. Finally, we calculated
the relative lesion size in left M1, expressed as the pro-
portion (i.e., percentage) of overlapping voxels concern-
ing all voxels in BA 4 (6795 voxels), BA 4a (4611 voxels),
and BA 4p (2184 voxels). Figure 1 depicts the lesion over-
laps of the two groups of LH stroke patients (M1-spared,
M1-lesioned) with BA 4. The supplementary Figure S1
depicts BA 4 (Figure S1A) as well as BA 4a and BA4p
(Figure S1B) on the standard brain provided by MRIcron.

Neuropsychological assessment
Cologne apraxia screening (KAS)
The Cologne Apraxia Screening (Kélner Apraxie Screen-
ing; KAS) evaluates the performance of pantomimes and
the imitation of bucco-facial and arm/hand gestures [21]
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Adjusted lesion overlaps in spatial reference to M1

A. n=157
(all patients)

B. n=40
(M1 involved)

(M1 spared)

Number of patients

63 68 73 78

Fig. 1 Adjusted lesion overlaps in spatial reference to Area 4 (i.e, the primary motor cortex, M1). A Lesion overlay of all left hemisphere (LH) stroke
patients (n=157), B Lesion overlay of the LH stroke patients with lesions involving M1 (n=40), C Lesion overlay of the LH patients with lesions
sparing M1 (n=117). Colors represent the number of patients with overlapping lesions at a given position. The figure demonstrates that the lesion
overlap in C. does not comprise Area 4 (data taken from the Julich-Brain Atlas [31]

performed with the ipsilesional left hand in case of left
hemisphere stroke.

The test comprises 20 items with a total score of 80
points. The four subtests consist of five items each:
(1) pantomiming the use of bucco-facial related tools/
objects, (2) pantomiming the use of arm/hand related
tools/objects, (3) imitation of bucco-facial gestures,
and (4) imitation of arm/hand gestures. The two imita-
tion subtests include three meaningless (ML) and two
meaningful (MF) gestures for each body part. Each item
is scored with a maximum of four points. For a detailed
description of the test, see Schmidt et al. [7]. Patients are
defined as apraxic, if they score less than 77 points on the
KAS.

Goldenberg imitation tests
The imitation of hand and finger gestures was tested by
the mirror-like demonstration of ten meaningless hand
positions and ten finger configurations [22]. Of the ten
finger gestures, two configurations are considered clearly
ML and three configurations are judged clearly MF [32].
The imitation of each of the 20 gestures is scored with
0-2 points. Patients imitated the gestures with their
ipsilesional left hand and fingers. They were defined as
apraxic when they scored less than 18 (of 20) points in
the hand imitation test or less than 17 (of 20) points in
the finger imitation test.

Overall, patients were considered apraxic if they scored
below cut-off in at least one of the three aforementioned

apraxia tests (KAS, finger gesture imitation, hand gesture
imitation).

All patients with left hemisphere stroke performed
the three apraxia assessments with their ipsilesional left
hand and fingers. This approach is typically chosen to
minimize the effects of motor deficits caused by contrale-
sional paresis. However, ipsilesional motor deficits of the
upper limb have been described for left hemisphere and
right hemisphere stroke [33].

Aphasia check-list-short form (ACL-K)

Language skills were assessed using the short form of the
aphasia check list (ACL-K), which encompasses four sec-
tions: reading-aloud, auditory comprehension, verbal flu-
ency, and a rating of the patient’s verbal communication
skills by the examiner [23]. Patients are classified as apha-
sic if they score below the cut-off of 33 points (maximum
score: 40).

Statistical analysis

The statistical analyses were performed using IBM SPSS
Statistics (Statistical Package for the Social Sciences, ver-
sion 29.0.0.0, SPP Inc., Chicago, Illinois, USA) and JASP
(JASP Team (2023), version 0.17.1). We applied a signifi-
cance level of p <0.05 for all analyses.

To characterize the two patient groups (M1-lesioned
vs. M1-spared), we calculated the means for lesion size
(number of lesioned voxels), ACL-K score, age at time
of stroke, and time post-stroke, and checked for group
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differences using t-tests. We further compared the sex
distribution in the groups using a Chi-Square-test. For
further analyses, we used lesion size and the ACL-K
score as covariates.

The performances in the three apraxia assessments
were converted into percentage scores to allow direct
comparison of the differently scaled tests. Apply-
ing an ANCOVA, we compared the performance of
the M1-lesioned and M1-spared groups in the three
apraxia assessments with lesion size and ACL-K score
as covariates.

A Chi? test was performed to determine, whether
MIl-lesioned patients were diagnosed with apraxia
more frequently than the M1-spared group.

Further, three repeated measures ANCOVAs with
lesion size and ACL-K score as covariates were per-
formed for different apraxia scores to evaluate the
putative effects of action domain, body part, and ges-
ture meaning. In all three ANCOVAs, M1-involvement
(M1-spared, M1-lesioned) was the between-subject fac-
tor. The first 2x2 ANCOVA evaluated potential group
differences in the scores of the KAS subtests on pan-
tomiming and imitation by including the within-factor
ACTION DOMAIN. The second 2x2 ANCOVA evalu-
ated potential group differences in the scores of the two
KAS pantomime subtests by including the within-fac-
tor BODY PART (bucco-facial versus arm/hand). The
third 2x 3 x2 ANCOVA evaluated potential differential
group differences in the scores of the imitation tests. To
account for the different body parts used for imitation,
the within-factor BODY PART (bucco-facial [KAS],
arm/hand [KAS], finger [Goldenberg]) was included.
Besides, the within-factor gesture MEANING (mean-
ingful [MF] gestures versus meaningless [ML] gestures)
was used to account for the meaning of the to be imi-
tated gestures. Where appropriate, degrees of freedom
were Greenhouse—Geisser corrected.

Lastly, we performed non-parametric correla-
tions (spearman rho) of the scores of meaningless and
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meaningful finger configurations with the lesion over-
lap of BA 4, BA 4a, and BA 4p, while controlling for
lesion size and total ACL-K score.

Results

Sample characteristics

Based on the overlap of voxels between our patient’s
VOIs and the M1-ROI, 40 patients were categorized
as having lesions involving the left M1 (M1l-lesioned
group) and 117 patients with lesions sparing the left
M1 (M1-spared group). The lesion size was significantly
higher [t(41)=—4.2, p<0.001] and the ACL-K score sig-
nificantly lower [t(58)=2.6, p<0.05] in the M1-lesioned
group, while age at the time of stroke did not differ signif-
icantly between the groups [t(155)=1.70, p=0.092] and
neither did the time between stroke and neuropsycho-
logical examination [t(57)=—2.0, p=0.052; see Table 1].
Gender was distributed equally in the two groups
[x*(1)=2.33, p=0.136].

Consistent with the observation that the ARAT does
not have a high sensitivity for detecting subtle motor
impairments [34], only seven of the 83 stroke patients
(8.4%) did not achieve the full score in the ARAT, when
tested with their ipsilesional left hand. Notably, all seven
patients lost their points in the ARAT-subtest “pinch”
assessing the grasping of small items with a pinch grip.
When tested statistically, there were no significant dif-
ferences in the ARAT scores for the left ipsilesional hand
(Mann—Whitney-U-test, U=620.5, p=0.164) between
the LH stroke patients with lesions involving or sparing
left M1. Moreover, the ARAT scores for the ipsilesional,
left hand did not significantly differ between the LH
stroke patients with and without apraxia (Mann—Whit-
ney-U-test, U=777.0, p=0.139) and these scores did
not correlate with the scores of the three apraxia assess-
ments (KAS: Spearman’s p=0.117, p=0.293; Goldenberg
hand imitation: Spearman’s p=0.108, p =0.330; Golden-
berg finger imitation: Spearman’s p=—0.108, p=0.330).
Finally, the ARAT scores for the ipsilesional left hand did

Table 1 - Characterizing patient subgroups based on involvement of left M1

Patients with lesions involving left M1 Patients with lesions sparing left M1 Differences
(n=40) (n=117) between
groups

Lesion size (voxels) 11,9772+13,735.2 27159+3969.9 p<0.001*
ACL-K score 23.7+120 29.1+99 p<0.05*
Age (years) 593+120 63.5+14.0 n.s. (p=0.092)
Time post-stroke (days) 235+193 16.8+155 n.s. (p=0.052)
Sex (w/m) 11/29 48/69 n.s. (p=0.136)

ACL-K=Aphasia check-list-short version. Given are means and standard deviations (SD; in parentheses). Significant correlations at a p-value of < 0.05 are marked with

an asterisk and bold print
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not correlate with the performance of imitating meaning-
less finger gestures with the ipsilesional left hand (Spear-
man’s p=0.057, p=0.610). These results are—at least in
part—due to the ceiling effects observed in the ARAT.
Therefore, forthcoming studies on stroke-related apraxic
deficits of the ipsilesional hand should consider including
a comprehensive assessment of fine motor skills, e.g., the
Pegboard test.

Apraxia assessments

The overall performance in the apraxia tests did not dif-
fer significantly between the two subgroups. For the KAS,
there was a significant effect of lesion size [F(1,153) =8.49,
»<0.01] and ACL-K score [F(1,153)=34.75, p<0.001] on
performance. M1-involvement did not significantly affect
the KAS total score after controlling for the two covari-
ates [F(1,153)=0.01, p=0.908]. Lesion size had no sig-
nificant effect on the hand imitation score by Goldenberg
[F(1,153)=0.02, p=0.893], while ACL-K had a signifi-
cant effect [F(1,153)=31.30, p<0.001]. M1-involvement
had no significant impact on the hand imitation score
after controlling for the two covariates [F(1,153)=0.51,
p=0.477]. Lesion size did not have a significant effect
on the finger imitation score [F(1,153)=1.59, p=0.210],
in contrast to the ACL-K [F(1,153)=11.33, p<0.001].
After controlling for the covariates, MIl-involvement
did not significantly influence the finger imitation score
[F(1,153)=3.61, p=0.059]. Apraxia in general was simi-
larly frequent in the two groups [x*(1) =1.56, p=0.212].

Effects of action domain, body part, and gesture meaning
on apraxic deficits

Differential effect of action domain

The ANCOVA with the KAS scores revealed no signifi-
cant main effects for “Action domain” [F(1,153)=0.279,
p=0.598], M1-involvement [F(1,153)=0.014, p=0.908],
and the interaction “Action domain” x M1-involvement
[F(1,153)=0.512, p=0.476]. Therefore, in the current
sample of LH stroke patients, performance was similar
for pantomime and imitation tasks, and M1-involvement
did not have a (differential) effect on the two tasks.

Differential effect of body part in pantomime

The ANCOVA for the KAS pantomime scores revealed a
significant main effect for “Body part” [F(1,153) =4.495,
p=0.036]. The current LH stroke patients per-
formed better in the bucco-facial pantomime sub-
test (91.5%+1.4%, marginal mean+SE) than in the
arm/hand pantomime subtest (89.5%+1.5%, marginal
mean + SE) of the KAS. The main effect for M1 was not
significant [F(1,153)=0.153, p=0.696] and neither was
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the interaction for “Body part” x M1 [F(1,153)=0.034,
p=0.854].

Differential effects of body part and meaning in imitation
The ANCOVA for the scores in the Goldenberg fin-
ger imitation test and the KAS subtests imitation of
bucco-facial gestures and imitation of arm/hand ges-
tures revealed no significant main effects for “Body
part” [F(2,306)=1.854, p=0.158] and MIl-involvement
[F(1,153)=1.536, p=0.217]. However, the main effect for
“Meaning” was significant [F(1,153) =5.372, p<0.05]. The
pairwise comparison (Bonferroni-corrected) revealed
that LH stroke patients performed significantly worse
for meaningless compared to meaningful gestures (mean
diff. =6.8%, SE=1.3, p<0.001).

The “Body part x Meaning” interaction was significant
[F(2,306) =6.079, p=0.003]. Notably, meaning modulated
only upper-limb gestures. Specifically, meaningful fin-
ger gestures (mean diff. =18.362%, SE=2.295, p<0.001)
and meaningful hand gestures (mean diff.=4.686%,
SE=1.947, p<0.05) were better imitated than their
meaningless counterparts, while the imitation of bucco-
facial gestures was not significantly modulated by gesture
meaning (mean diff. =2.610%, SE=1.712, p=0.130).

The three-way interaction for “Body part” x “Meaning”
x M1 was also significant [F(2,306) =7.140, p<0.001]. As
the current study focused on the involvement of M1 in
apraxia, we performed pairwise comparisons of the two
patient groups (M1-spared, M1-involved), e.g., the imi-
tation score for meaningful/meaningless arm gestures of
the LH stroke patients with M1 spared versus the imita-
tion score for meaningful/meaningless arm gestures of
the LH stroke patients with lesions involving M1. Here,
only the pairwise comparison of meaningless finger ges-
tures was significant [F(1,153)=9.974, p=0.002]. Mean-
ingless finger gestures were performed worse by patients
with lesions involving the left M1 (mean diff. =16.044%,
SE=5.080; see Fig. 2, the differential effects for meaning-
less finger gestures are marked with asterisks).

Correlation of lesion load in BA 4 with imitation scores

To further examine the relationship between apraxic def-
icits in finger imitation and lesions in M1 (i.e., Brodmann
area 4) as well as lesions in the two subareas of M1 (i.e.,
Brodmann areas 4a and 4p), we performed non-paramet-
ric correlation analysis with the mean imitation scores
of the Goldenberg finger imitation test and the lesion
loads in area 4 as well as subareas 4a and 4p (operation-
alized as the number of affected voxels in a given area,
see Table 2). The lesion load in Area 4p correlated sig-
nificantly with the mean imitation scores, when the MF
and ML finger gestures of the Goldenberg imitation test
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LH stroke patients
with spared M1 (n =117)
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LH stroke patients
with lesioned M1 (n = 40)

—Meaningful
—Meaningless

Finger Arm

Buccofacial

Finger Arm Buccofacial

Body part used for imitation

Fig. 2 Differential effect of M1-lesions on meaningless finger gestures. Graphical depiction of the significant three-way interaction

for the mean imitation scores revealed by the ANCOVA with the between subject-factor M1 involvement (M1 intact—left, M1 lesioned—right)
and the within-subject factors meaning (meaningful gestures—purple lines, meaningless gestures—blue lines) and body part used for imitation
(finger, arm, bucco-facial). The asterisks highlight the differential impairment of LH stroke patients with lesions involving M1 when imitating

meaningless finger gestures

Table 2 Correlation of lesion loads in Brodmann areas 4, 4a, 4p
with finger gesture imitation scores

Area 4 Area 4a Area 4p
Imitation of the ML rho=-0.244, rho=-0.113, rho=—-0.339,
and MF finger gestures  ,_139 ns  p=0499,ns p=0.037*
combined
Imitation of ML finger rho=-0.233, rho=-0.111, rho=—-0.323,
gestures p=0.160,ns p=0507,ns p=0.048*
Imitation of MF finger rho=-0.101, rho=-0.004, rho=-0.188,
gestures p=0544,ns p=0979,ns p=0257,ns

Non-parametric correlation analyses (Spearman rho) of the lesion loads in
Brodmann areas 4, 4a, and 4p with the imitation score for ML and MF finger
gestures combined as well as the separate imitation scores for meaningless (ML)
and meaningful (MF) finger gestures. The overall lesion size and the ACL-K score
were used as covariates. The analysis was performed selectively for patients with
lesions involving the primary motor cortex (M1, n=40). Significant correlations
at a p-value of <0.05 are marked with an asterisk and bold print

were combined [rho=-0.339, p=0.037]. Importantly,
the mean scores for imitating meaningless finger gestures
also correlated significantly with the lesion load in Area
4p [rho=-0.323, p=0.048], while the mean imitation
score for meaningful finger gestures did not. The lesion
load in area 4a as well as the lesion load in area 4 (i.e.,
areas 4a and 4p combined) did not correlate significantly
with any finger imitation score.

Discussion

This study elucidated the role of the left primary motor
cortex (M1) in cognitive-motor functions (i.e., praxis)
by analyzing the association of lesions affecting the left
M1 with apraxic deficits. When comparing two groups
of patients with left hemisphere (LH) strokes that either
involved (n=40) or spared the left M1 (n=117), there
was no group difference in the overall apraxia scores or

the incidence of apraxia. In contrast, when considering
the body part used for imitation and gesture meaning,
the analyses revealed a significant differential impair-
ment of the LH stroke patients with lesions involving
M1 when imitating meaningless finger gestures. Moreo-
ver, the meaningless finger gesture imitation scores cor-
related negatively with the lesion load in Area 4p. Thus,
LH stroke patients whose lesions affected more of Area
4p performed worse when imitating meaningless finger
gestures. Although most definitions of apraxia dispute
an involvement of M1 in apraxia, the current findings
strongly suggest a specific role of the left M1 in imitat-
ing meaningless finger gestures that put high demands on
(motor) attention and sensorimotor integration.

That the meaning of a gesture affects imitation perfor-
mance in patients with LH damage and (limb) apraxia
has already been reported [32, 35-39]. Based on the
observed dissociations between imitating meaningless
(ML) versus meaningful (MF) gestures, the two-route
model has been proposed. Here, two distinct routes,
direct and indirect, support the imitation of ML and MF
gestures, respectively [38]. Since the indirect route can
process meaningful gestures by retrieving pre-existing
motor representations, even when the visuomotor trans-
formation mechanisms of the direct route are disturbed,
the most frequently reported dissociations relate to pre-
served imitation of meaningful gestures and impaired
imitation of meaningless gestures [9]. Moreover, lesions
to the left precentral gyrus (i.e., the gyrus containing M1)
have been linked to producing meaningless gestures [9].
Consistent with these previous findings, the current LH
stroke patients with lesions involving left M1 showed
a selective deficit when imitating meaningless finger
gestures.
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The differential apraxic deficit in imitating meaning-
less finger gestures is reminiscent of the concept of
limb-kinetic apraxia, as proposed by Liepmann, which
comprises deficits in dexterous movements impairing the
proficiency in “precise and independent but coordinated
finger movements” [40]. Although limb-kinetic apraxia
has initially been described as a deficit of the contrale-
sional hand following lesions to the sensorimotor cortex,
Liepmann already noted additional, although milder defi-
cits to the ipsilesional hand for left-hemispheric lesions,
which he called dyspraxia [41], see also [42]. Following
studies elaborated on a left-hemispheric involvement in
dexterous movement of the ipsilateral left hand, while
right hemisphere lesions did not appear to impact dex-
terity of the ipsilateral right hand [40, 43, 44].

The current analysis of the gesture imitation scores
also revealed that gesture meaning had hardly any effect
in both patient groups on the imitation of bucco-facial
gestures. This finding is consistent with a recent study in
LH stroke patients revealing an effector-specific effect of
gesture meaning on imitation performance for arm/hand
gestures but not for bucco-facial gestures [36].

Brodmann Area (BA) 4 constitutes M1. Importantly,
BA 4 comprises two subareas, namely anterior BA 4 (area
4a) and posterior BA 4 (area 4p). Concerning finger ges-
ture imitation, we found a moderate correlation of the
lesion load in area 4p with apraxic deficits when imitat-
ing meaningless finger gestures but not when imitating
meaningful finger gestures. In contrast, the lesion load in
area 4a did not correlate significantly with any imitation
scores. While area 4a is primarily connected to premo-
tor areas, area 4p mainly connects to the primary sensory
cortex [20]. Unlike BA 4a, BA 4p is modulated by atten-
tion to motor actions [20]. It is conceivable that imitat-
ing meaningless finger gestures puts more demands on
motor attention than imitating meaningful finger ges-
tures, especially since meaningless finger gestures are
considered more difficult to be imitated [32]. In a simi-
lar vein, the precise replication of the meaningless fin-
ger gestures may require more sensory feedback during
the imitation to adjust the unfamiliar finger configura-
tions according to the template. Such feedback process-
ing is likely to happen in the part of M1 connected to
the sensory cortex, i.e., area 4p. Taken together, the dif-
ferential apraxic imitation deficits of LH stroke patients
with lesions involving left M1 when imitating ML finger
gestures may result from impaired motor attention and/
or sensory integration processes supported by left M1.
The data suggest that forthcoming definitions of apraxia
should consider the role of left M1 in (imitation) apraxia.

This is especially warranted, since a recent study by
Gordon and colleagues suggests that the classical soma-
totopic representation of the body in M1 is interspaced
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by three zones (inter-effector regions) in which complex
actions are represented and which are interconnected
by the "somato-cognitive action network" (SCAN, [45]).
The findings of Gordon and colleagues converge with
our results showing that complex actions, like imitating
meaningless finger gestures (executed with the ipsilateral/
ipsilesional hand), are impaired in (LH stroke) patients
suffering from lesions affecting the left M1. Moreover,
the functionally defined middle inter-effector region of
the SCAN (but not the superior and inferior inter-effec-
tor regions) has an overlap with the cyto-architectoni-
cally defined M1-subregion area 4p. Notably, there is no
relevant overlap of the inter-effector regions described by
Gordon and colleagues with area 4a. This pattern of over-
lap within left M1 is consistent with our finding that the
lesion load in area 4p (and not the lesion load in area 4a)
is significantly associated with apraxic deficits when imi-
tating meaningless finger gestures. Together, these find-
ings indicate that M1 is not simply a motor output area.
As a future perspective, it would be interesting to specifi-
cally investigate how the SCAN relates to apraxia, e.g., by
connectivity analyses based on resting state functional
MRI in apraxic patients.

Some limitations should be considered. As usual, the
patients with LH stroke performed the (limb) apraxia
assessments with their ipsilesional left hand. Testing the
ipsilesional hand should minimize the effects of funda-
mental motor deficits (e.g., deficits in grip strength and
movement speed on the apraxia test scores [34]. How-
ever, also the ipsilesional hand is subject to subtle motor
deficits impairing dexterity [46]. Since meaningless finger
gestures are considered especially difficult to imitate [32],
subtle dexterity deficits of the ipsilesional hand could
have contributed to the selective deficit in imitating
meaningless finger gestures in LH stroke patients with
lesions involving left M1.

Since no patients with right hemisphere (RH) lesions
were included in the current study, we cannot infer the
potential role of the right M1 in apraxia, particularly con-
cerning apraxic deficits in imitating (ML) finger gestures.
However, this is especially warranted since previous
studies highlight the involvement of the right hemisphere
in the imitation of finger configurations [47, 48]. Moreo-
ver, these studies clearly showed an association between
finger imitation deficits and neglect in patients with RH
stroke [47, 49] and suggest that centrally located lesions
in the RH instead induce apraxic deficits in finger ges-
ture imitation than in hand gesture imitation [49]. How-
ever, none of the previous studies investigating RH stroke
patients differentiated between the imitation of MF and
ML finger configurations.
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Conclusion

Current apraxia definitions implicitly deny the role of
the left M1 in apraxia. However, several previous studies
employing lesion mapping have mentioned or displayed
left M1 lesions in association with apraxic deficits without
further interpretation. Here, we provide the first system-
atic investigation on the involvement of left M1 in apraxia,
revealing a specific apraxic imitation deficit for meaning-
less finger gestures in LH stroke patients with lesions
involving left M1. This differential apraxic imitation deficit
appears to be driven by the lesion load in left area 4p, ie.,
the part of left M1 modulated by motor attention and sup-
porting sensory integration.
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