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Background: Previous studies on left hemisphere (LH) stroke patients reported effector-specific (hand, fingers,
bucco-facial) differences in imitation performance. Furthermore, imitation performance differed between
meaningless (ML) and meaningful (MF) gestures. Recent work suggests that a gesture’s meaning impacts the
body-part specificity of gesture imitation.

Methods: We tested the hypothesis that the gesture’s meaning (ML vs MF) affects the lesion correlates of effector-
specific imitation deficits (here: bucco-facial vs arm/hand gestures) using behavioural data and support vector
regression-based lesion-symptom mapping (SVR-LSM) in a large sample of 194 sub-acute LH stroke patients.
Results: Behavioural data revealed a significant interaction between the effector used for imitation and the
meaning of the imitated gesture. SVR-LSM analyses revealed shared lesion correlates for impaired imitation
independent of effector or gesture meaning in the left supramarginal (SMG) and superior temporal gyri (STG).
Besides, within the territory of the left middle cerebral artery, impaired imitation of bucco-facial gestures was
associated with more anterior lesions, while arm/hand imitation deficits were associated with more posterior
lesions. MF gestures were specifically associated with lesions in the left inferior frontal gyrus and the left insular
region. Notably, an interaction of effector-specificity and gesture meaning was also present at the lesion level: A
more pronounced difference in imitation performance between the effectors for ML (versus MF) gestures was
associated with left-hemispheric lesions in the STG, SMG, putamen, precentral gyrus and white matter tracts.
Conclusion: The current behavioural data show that ML gestures are particularly sensitive in assessing effector-
specific imitation deficits in LH stroke patients. Moreover, a gesture’s meaning modulated the effector-specific
lesion correlates of bucco-facial and arm/hand gesture imitation. Hence, it is crucial to consider gesture
meaning in apraxia assessments.

1. Introduction For limb apraxia, previous lesion studies have reported distinct

neural substrates for imitating hand versus finger gestures (Dovern et al.,

Besides deficits in actual and pantomimed object use, impaired
gesture imitation is a core symptom in patients suffering from apraxia, a
(motor-)cognitive disorder that occurs predominantly after lesions to
the left-lateralised praxis networks often caused by stroke (Schmidt &
Weiss, 2022). Notably, apraxic imitation deficits can impact different
effectors, i.e., body parts performing a gesture, such as the arm/hand
and fingers (limb apraxia; Goldenberg, 1996) or the mouth and face
(bucco-facial apraxia; Scandola et al., 2021).

2011; Goldenberg, 2001; Goldenberg & Karnath, 2006; Goldenberg &
Randerath, 2015), suggesting effector-specific neural correlates of
imitation deficits. Deficient imitation of hand gestures was associated
with posterior lesions, including the left inferior parietal lobule (IPL)
and temporo-parieto-occipital junction, whereas impaired finger
posture imitation was associated with anterior lesions, including the
inferior frontal gyrus (IFG; Goldenberg & Karnath, 2006).

So far, studies on bucco-facial apraxia in left hemisphere (LH) stroke

* Corresponding author at: Cognitive Neuroscience, Institute of Neuroscience and Medicine (INM-3), Research Centre Jiilich, Leo-Brandt-Str. 5, 52425 Jiilich,

Germany.
E-mail address: n.kleineberg@fz-juelich.de (N.N. Kleineberg).
1 Contributed equally, shared first authorship.

https://doi.org/10.1016/j.nicl.2023.103331

Received 27 July 2022; Received in revised form 30 December 2022; Accepted 19 January 2023

Available online 21 January 2023

2213-1582/© 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:n.kleineberg@fz-juelich.de
www.sciencedirect.com/science/journal/22131582
https://www.elsevier.com/locate/ynicl
https://doi.org/10.1016/j.nicl.2023.103331
https://doi.org/10.1016/j.nicl.2023.103331
https://doi.org/10.1016/j.nicl.2023.103331
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

N.N. Kleineberg et al.

patients remain scarce. Using qualitative lesion analyses, Raade and
colleagues investigated the neuroanatomical relationship between
bucco-facial and limb apraxia. They identified an association between
deficits in performing (bucco-) facial gestures and lesions of the stria-
tum, the IFG, and perisylvian central and insular regions. In contrast,
that study found no specific lesion correlates for limb apraxia (Raade
et al., 1991). Recently, partial neuroanatomical distinctions have been
reported for bucco-facial and limb apraxia (Scandola et al., 2021).
Furthermore, principal component analysis of behavioural and lesion
data of 91 LH stroke patients revealed differential lesion correlates for
the imitation of bucco-facial gestures versus arm/hand and finger ges-
tures (Schmidt et al., 2022). In this study, lesions affecting the left basal
ganglia and white matter tracts were linked to imitating bucco-facial
gestures, while lesions affecting the left IPL and the precentral gyrus
were associated with imitating arm/hand gestures. Taken together,
these studies support the notion of (at least partly) separable motor-
cognitive (and neural) mechanisms underlying the imitation of bucco-
facial and limb gestures (Cubelli, 2017; Raade et al., 1991).

Besides, the meaning of a gesture modulates imitation performance.
Consistent with the two-route model of imitation (Tessari et al., 2007),
behavioural dissociations were found between LH stroke patients’
imitation of meaningless (ML) versus meaningful (MF) gestures (Achil-
les et al., 2016; Achilles et al., 2019). Lesion data suggest that the
imitation of ML gestures draws upon the dorso-dorsal stream, while MF
gesture imitation relies on the ventro-dorsal stream (Achilles et al.,
2019; Hoeren et al., 2014). Deficits in MF gesture imitation were further
associated with lesions in the left IFG (Weiss et al., 2016).

Notably, recent work indicates that the meaning of a gesture in-
fluences the effector-specificity of gesture imitation in LH stroke pa-
tients. While performance differences have been found for the imitation
of ML hand versus finger gestures (Goldenberg & Karnath, 2006; Tessari
etal., 2021), the imitation of MF gestures did not reveal effector-specific
dissociations (Tessari et al., 2021).

However, whether a gesture’s meaning modulates effector-specific
differences in the imitation of bucco-facial versus limb gestures re-
mains unclear. Therefore, we analysed behavioural and lesion data in a
large cohort of LH stroke patients (n = 194). In particular, support
vector regression-based lesion-symptom mapping (SVR-LSM) was used
to characterise the neural correlates of effector-specific imitation deficits
(bucco-facial versus limb gestures) and their putative modulation by
gesture meaning (ML versus MF gestures).

2. Material and methods
2.1. Patient sample

Bucco-facial and arm/hand gesture imitation scores and lesion data
were retrospectively analysed in 194 patients who had suffered a uni-
lateral left hemispheric (LH) ischaemic stroke. Only right-handed pa-
tients with a neuropsychological assessment within three months after
stroke, i.e., in the sub-acute phase (Bernhardt et al., 2017), were
included. Recruitment sites were the Department of Neurology of the
University Hospital Cologne and three neurological rehabilitation cen-
tres nearby.

Patients had provided written informed consent to participate in the
original studies on motor cognition/apraxia (Ant et al., 2019; Binder
et al., 2017; Dafsari et al., 2019; Dovern et al., 2016; Kusch, Gillessen,
et al., 2018; Kusch, Schmidt, et al., 2018). These studies contributed 156
stroke patients to the current sample. The remaining 38 stroke patients
were derived from a running clinical trial (Kleineberg et al., 2020). The
studies were conducted under the Declaration of Helsinki and approved
by the local ethics committee of the Medical Faculty of the University of
Cologne. All patients had additionally given consent to use their neu-
ropsychological and clinical imaging data. The ethics committee of the
Medical Faculty of the University of Cologne approved retrospective
data analyses.

Neurolmage: Clinical 37 (2023) 103331
2.2. Neuropsychological testing procedure

Apraxia testing was conducted using the Cologne Apraxia Screening
(KAS), a standardised, validated diagnostic tool for apraxia (Weiss et al.,
2013). The KAS is divided into four subtests assessing (bucco-facial and
arm/hand) object-use pantomime and (bucco-facial and arm/hand)
imitation performance. Performance of the left, ipsilesional hand is
tested with photographs of objects (pantomime tasks) and a woman
performing gestures (imitation tasks). The maximum score of the KAS is
80 points (20 points per subtest). Patients scoring 76 points or less are
considered apraxic. Besides the published manual (Weiss et al., 2013),
please see Dovern et al. (2012) and Schmidt et al. (2022) for further
details on the KAS, including its quality criteria and testing procedure.

In the current study, we focused on the imitation performance of
bucco-facial and arm/hand gestures assessed with the imitation subtests
of the KAS. Here, the patient is asked to reproduce bucco-facial gestures
(e.g., pulling in cheeks, sticking out the tongue) or arm/hand gestures (e.
g., putting the thumb on the forehead, wiping the mouth), which are
presented on photographs showing a female subject performing the
gestures (see Fig. 1A for example stimuli of the KAS). For the assessment
of the arm/hand gestures, the stroke patients were instructed to use their
ipsilesional left hand. For each gesture, the maximum score is four
points, achieved by the correct imitation on the first try. If the imitation
is incorrect, the photo is shown again, and the patient is asked to repeat
the task. Two points are given for correct imitation on this second
attempt and no point for an erroneous second try. The bucco-facial and
arm/hand imitation subtests comprise five items each: two items are
meaningless (ML), and three are meaningful (MF). Given that the
maximum score of each imitation item is four points and each of the
subtests of the KAS consists of five items, the maximum score for each
subtest is 20 points.

Additionally, language function was assessed using the short version
of the aphasia check list (ACL-K), which consists of the following four
parts: a reading-aloud task, a colour-figure test addressing auditory
comprehension, a supermarket task probing semantic verbal fluency,
and a rating of the patient’s verbal communication skills by the exam-
iner. The maximum score of the ACL-K is 40 points; patients scoring less
than 33 points are classified as aphasic with the categories mild (26-43
points), moderate (15-25 points) or severe (14 or fewer points) aphasia
(Kalbe et al., 2002; Kalbe et al., 2005).

The neuropsychological testing was conducted by specifically
trained neuropsychologists or physicians from the University Hospital
Cologne; 11 examiners were involved in assessing the patient cohort.
Note that the KAS has a high interrater reliability (rho = 0.907 for the
KAS total score; rho = 0.847 for the KAS subtest imitation of gestures,
Weiss et al., 2013).

2.3. Behavioural data analysis

Statistical analyses of clinical and neuropsychological data were
performed using IBM SPSS Statistics (Statistical Package for the Social
Sciences, version 25, SPSS Inc., Chicago, Illinois, USA), and the linear
mixed-effects model analysis was conducted in JASP (Jeffreys’s
Amazing Statistics Program, version 0.14.1).

In order to test for differential modulation of effector-specific
imitation deficits by gesture meaning, each of the mean scores of the
two ML bucco-facial and arm/hand gestures and the three MF bucco-
facial and arm/hand gestures was analysed by a linear mixed-effects
model approach with SUBJECT considered as a random factor and
EFFECTOR and MEANING as fixed factors. Besides random intercepts,
we added random slopes for effector and meaning to the model to better
control for type I error. As our model fit was singular, we removed
random slopes of the factor meaning to reduce the model’s random ef-
fect structure.
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A. Example items of the Cologne Apraxia Screening
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B. Mean imitation scores of the 194 LH stroke patients
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Fig. 1. Stimuli of the imitation subtests of the Cologne Apraxia Screening (KAS) and behavioural results. A. Shown is one example of the meaningless and meaningful
bucco-facial and arm/hand gesture imitation tasks. B. Mean imitation scores as a function of the effectors (bucco-facial and arm/hand) and the gesture’s meaning
(meaningless and meaningful) in the 194 left hemisphere stroke patients. Error bars indicate the standard error of the mean (SEM). LH = left hemisphere, * =p <

0.001, n.s. = non-significant.

2.4. Lesion delineation and support vector regression-based lesion-
symptom mapping (SVR-LSM)

The patients’ clinical MRI (n = 140) or CT (n = 54) scans were used
for lesion mapping. Lesions were manually delineated (de Haan &
Karnath, 2018) on axial slices of a T1-weighted template MRI scan (ch2.
nii) from the Montreal Neurological Institute (MNI) witha 1 mm x 1 mm
in-plane resolution using the software package MRIcron (https://www.
nitrc.org/projects/mricron). Lesions were mapped in steps of 5 mm in
MNI space onto the axial slices of the ch2-template that were identical or
best matched the axial slices of each patient’s MRI or CT. Two experi-
enced examiners had to jointly agree upon each individual’s exact lesion
location and extent.

The lesion maps then entered support vector regression-based lesion-
symptom mapping (SVR-LSM) analyses to identify brain regions statis-
tically associated with the specific imitation deficits of the LH stroke
patients. SVR-LSM was performed in Matlab 9.8 (2020a) using the SVR-
LSM toolbox (v0.15, version 2019-06-16) developed by DeMarco and
Turkeltaub (2018) based on the approach of Zhang et al. (2014). SVR-
LSM is a multivariate analysis technique that uses a machine learning-
based multiple regression method to determine the association be-
tween lesioned voxels and behavioural deficits while considering the
lesion status of all voxels simultaneously. Only voxels that were lesioned
in at least 19 patients, i.e., in > 10 % of the 194 patients (see Fig. 2),

Adjusted lesion overlap

were considered in the statistical lesion analyses to ensure that results
were generalisable and not biased by voxels affected in only a few pa-
tients (Sperber & Karnath, 2017). Lesion size was controlled for by
regressing it out of both the behavioural scores and lesion data
(DeMarco & Turkeltaub, 2018). SVR-beta maps were generated using
fivefold cross-validation, in which for each fold a unique subset of the
lesion and behavioural data from 80 % of the patients was used to train
the SVR model and the remaining 20 % of patients’ lesions and behav-
ioural data were used to test the model. The resulting five maps of beta
values were averaged to obtain a final average map of voxelwise beta
values. Voxelwise statistical significance was determined by permuta-
tion testing in which the behavioural data were randomly assigned to a
lesion map using 10,000 iterations. Voxel-wise Z-scores were then
computed for the actual data (beta values) in relation to the mean and
standard deviation of the permutation-based null distributions of beta
values; the resulting SVR map was set to a critical threshold of p < 0.05.
We applied a minimum cluster extent threshold of 100 contiguous
voxels to further restrict the permutation-thresholded SVR maps.

2.5. Analysis of lesion data

We assessed the lesion-deficit associations for bucco-facial and arm/
hand gesture imitation (independent of gesture meaning) by subjecting
the mean scores of the KAS subtests “imitation bucco-facial” and

Number of subjects

30

Fig. 2. Adjusted lesion overlap of the 194 left hemisphere stroke patients. Only voxels lesioned in at least 10 % of the patients and tested in the statistical SVR-LSM
analyses are displayed. Colour shades represent the increasing number of overlapping lesions. Axial slices with MNI z-coordinates from —12 to +48 are shown.
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“imitation arm/hand” to separate SVR-LSM analyses. The difference
scores between bucco-facial and arm/hand gesture imitation were used
in further SVR-LSM analyses to test for lesions associated with effector-
specific imitation deficits.

To reveal the lesion correlates of deficits in imitating ML and MF
gestures (independent of effector), we performed separate SVR-LSM
analyses with the mean scores of the four ML bucco-facial and arm/
hand gestures and the mean scores of the six MF bucco-facial and arm/
hand gestures as well as with the difference scores between the ML and
MF gestures. The difference scores were used to test for lesions specific
to ML versus MF gesture imitation (and vice versa).

Finally, we computed a difference score representing the interaction
term to explore the lesion correlates of the interaction between effector-
specificity and gesture meaning. Since the patient cohort achieved
higher scores when imitating (ML and MF) bucco-facial gestures
(compared to arm/hand gestures, see Results section 3.2 and Fig. 1B, cf.
also Kusch, Schmidt, et al., 2018; Raade et al., 1991), the interaction
term was calculated as the difference of the difference between the mean
imitation scores for ML bucco-facial vs ML arm/hand gestures and the
difference of the mean imitation scores for MF bucco-facial vs MF arm/
hand gestures: Interaction term = (ML bucco-facial gestures mean score —
ML arm/hand gestures mean score) — (MF bucco-facial gestures mean score
— MF arm/hand gestures mean score)- The resulting interaction score was
then entered into an SVR-LSM analysis.

The brain regions comprising significant voxels were identified
based on the Automated Anatomical Labeling (AAL; Tzourio-Mazoyer
et al., 2002) and Johns Hopkins University (JHU; Faria et al., 2012) atlas
templates implemented in MRIcron. We report the Z-value of a signifi-
cant peak voxel and the corresponding coordinates in MNI space for
each lesioned cluster.

3. Results
3.1. Patient cohort

Of the 194 patients investigated, 65 were female (33.5 %). The mean
age + standard deviation (SD) was 63.4 + 13.0 years. All patients were
right-handed and suffered from a unilateral ischaemic LH stroke. Neu-
ropsychological testing was performed within three months after the
stroke, i.e., in the sub-acute phase (Bernhardt et al., 2017), with a mean
time post-stroke +SD of 21.9 + 17.7 days.

Based on the overall KAS performance (see section 2.2), 102 of the
194 LH stroke patients (52.6 %) were apraxic. Aphasia assessment was
conducted in 191 of the 194 patients, of whom 123 patients (64.4 %)
were aphasic according to the ACL-K. Of these, 50 patients had mild
aphasia, 32 had moderate aphasia, and 41 had severe aphasia. As ex-
pected (Weiss et al., 2016), apraxia was significantly associated with
aphasia (42 (1) = 40.26, p < 0.001). Concurrent aphasia and apraxia
were present in 45 % (86,/191) of the patients. Thus, 85 % of the apraxic
patients suffered from co-morbid aphasia (86/101 apraxic patients). In
total, 37 patients were aphasic but non-apraxic (19 %), while apraxia
without aphasia was found in 15 patients (8 %).

3.2. Imitation performance as a function of the effector and gesture
meaning

The linear mixed-effects model revealed a significant main effect of
EFFECTOR (bucco-facial vs arm/hand; [F(;,193) = 27.42,p < 0.001]) and
MEANING (ML vs MF; [F(;,386) = 5.38, p = 0.021]). Overall, the LH
stroke patients imitated bucco-facial gestures better than arm/hand
gestures, and MF gestures were imitated better than ML gestures.
Crucially, the interaction of EFFECTOR x MEANING was also significant
[F(1,386) = 34.41, p < 0.001]. Post-hoc t-tests revealed that the differ-
ence in imitation performance between the effectors was significant for
ML gestures, with ML bucco-facial gestures imitated better than ML
arm/hand gestures [t(; 93) = 6.88, p < 0.001]. In contrast, there was no
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significant difference in imitation performance between the effectors for
MF gestures [t 93) = 1.33, p = 0.185; Fig. 1B].

3.3. Lesion overlap

The adjusted lesion overlap comprising only those voxels that were
lesioned in at least 10 % of the LH stroke patient sample (n > 19/194)
and thus entered the multivariate statistical SVR-LSM analyses (see
section 2.4) is shown in Fig. 2. The lesioned brain regions were within
the left middle cerebral artery (MCA) territory, with the most substantial
lesion overlap observed in the putamen and adjacent white matter
tracts. Note that anterior (inferior frontal) and posterior (superior tem-
poral, inferior parietal) brain regions were affected in a similar number
of patients.

3.4. Lesion correlates of imitation deficits for the effectors (independent of
gesture meaning)

The results of the SVR-LSM analyses with the overall (mean) scores of
the bucco-facial and arm/hand gesture imitation subtests and the dif-
ference scores between bucco-facial and arm/hand gesture imitation are
shown in Fig. 3. Please see Table 1 for the MNI coordinates of the peak
voxel and the respective (maximum) Z-values according to the statistical
lesion-deficit association strength, shown in descending order. Note that
more negative Z-values indicate a more robust lesion-symptom associ-
ation and that all reported lesion correlates are located in the LH.

Lesion sites associated with impaired bucco-facial and arm/hand
gesture imitation largely overlapped in the left supramarginal gyrus
(SMG) and superior temporal gyrus (STG; Fig. 3A, yellow). Besides the
shared lesion sites in SMG and STG, bucco-facial imitation deficits were
associated with anterior lesions affecting the left insular region, the post-
and precentral gyrus, the inferior frontal gyrus (IFG) and subcortical
(grey and white matter) structures (Table 1A and Fig. 3A, red). Similar
lesion patterns were identified in the SVR-LSM analysis of the specific
lesion-deficit associations for bucco-facial gesture imitation relative to
arm/hand gesture imitation (Table 1B and Fig. 3B).

In addition to the common lesion sites in SMG and STG, lesioned
voxels associated with arm/hand gesture imitation deficits were located
in the left angular gyrus (AG) and posterior middle temporal gyrus
(pMTG; Table 1C and Fig. 3A, green), lesion sites that were further
corroborated by the SVR-LSM analysis of specific deficits in arm/hand
gesture imitation relative to bucco-facial imitation (Table 1D and
Fig. 3C).

3.5. Lesion correlates of imitation deficits for gesture meaning
(independent of effectors)

The results of the SVR-LSM analyses with the overall (mean) scores of
the ML and MF gestures and the difference scores between the ML and
MF gesture imitation are shown in Fig. 4 and Table 2.

For ML as well as for MF gesture imitation deficits (independent of
effector), the left STG and SMG were again identified as (shared) lesion
correlates (Fig. 4A, magenta, Table 2A and 2B). Also, poor ML gesture
imitation was associated with lesions in the left AG (Table 2A and
Fig. 4A, blue). For the differential SVR-LSM analysis of deficits in ML
relative to MF gesture imitation no significant lesion correlates were
found at the predefined threshold.

In contrast, deficits in MF gesture imitation relative to ML gesture
imitation were specifically associated with lesions in the left IFG and the
insular region (Table 2C and Fig. 4B).

3.6. Effect of meaning on the effector-specific lesion correlates
SVR-LSM results revealed significant lesion correlates for the inter-

action of gesture meaning on the effector used for imitation in the STG
(peak MNI coordinate: —41, -32, +13; Z-value = —3.72), the SMG (peak
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imitation and Arm/hand gesture imitation as well as Overlap

13
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Fig. 3. Results of the SVR-LSM ana-
lyses for bucco-facial and arm/hand
gesture imitation. A. Lesion correlates
of bucco-facial gesture imitation defi-
cits (red, cf. Table 1A) and arm/hand
gesture imitation deficits (green, cf.
Table 1C) and their overlap (yellow). B.
Lesion correlates specific to bucco-facial
gesture imitation deficits (cf. Table 1B).
C. Lesion correlates specific to arm/
hand gesture imitation deficits (cf.
Table 1D). For B./C.: Colours indicate
the p-values of the corresponding vox-
els. For A.-C.. Voxels shown are
thresholded at p < 0.05 based on
10,000 permutations; the cluster size
threshold is 100 voxels. Axial slices
with MNI z-coordinates from —2 to +43
are shown. (For interpretation of the
references to colour in this figure
legend, the reader is referred to the web
version of this article.)

p <0.001

relative to bucco-facial gesture imitation

MNI coordinate: —64, -32, +23; Z-value = —3.19), and the postcentral
gyrus (peak MNI coordinate: —57, —12, +28; Z-value = —2.42) in the LH.
Moreover, the interaction term was significantly associated with lesions
in the subcortical grey and white matter, namely the putamen (peak MNI
coordinate: —31, +6, +8; Z-value = —3.43), internal capsule (peak MNI
coordinate: —31, —24, +8; Z-value = —3.29) and corona radiata (peak
MNI coordinate: —25, —8, +23; Z-value = —3.72; Fig. 5). Thus, these
lesion sites were statistically associated with a more pronounced per-
formance difference between the effectors bucco-facial and arm/hand in
ML gesture imitation compared to the performance difference between
these effectors in MF gesture imitation.

4. Discussion

In a large sample of 194 sub-acute LH stroke patients, analyses of
imitation scores revealed that effector-specific performance differences
were modulated by gesture meaning. Therefore, our results confirm and
extend previous studies by revealing a differential influence of gesture
meaning for imitating bucco-facial gestures and, notably, by delineating
specific lesion correlates for the modulation of effector-specific imita-
tion deficits by gesture meaning.

p <0.001

4.1. Behavioural results

On a behavioural level, a significant interaction between the effector
used for imitation and the meaning of the imitated gesture was revealed.
This interaction was driven by a significant difference in the imitation
performance of meaningless (ML) gestures. LH stroke patients imitated
ML arm/hand gestures worse than ML bucco-facial gestures, while we
observed no significant difference for imitating meaningful (MF)
gestures.

The described differences in task performance between ML bucco-
facial and arm/hand gestures might be explained by differences in
subjacent cognitive models of the direct and indirect route. ML gesture
imitation solely relies on the direct route, while for MF gesture pro-
cessing, the direct route can be adopted besides the commonly used
indirect route (Achilles et al., 2019; Hoeren et al., 2014; Rumiati &
Tessari, 2002; Tessari et al., 2007). Thus, deficits in ML gesture imitation
cannot be compensated by stored action knowledge accessible via the
indirect route only. In contrast, such action knowledge can support MF
gesture imitation, leading to better performance (Achilles et al., 2016;
Achilles et al., 2019), and most likely attenuates any difference in
imitation performance between effectors (Tessari et al., 2021).

Hence, our behavioural results indicate that ML gestures are partic-
ularly sensitive in assessing effector-specific imitation deficits in LH
stroke patients.
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Table 1
SVR-LSM results for deficits in imitating bucco-facial and arm/hand gestures.
Brain region Maximum Z-value ~ Peak MNI coordinates
XY,z

A. Lesion correlates of bucco-facial gesture imitation deficits independent of meaning

Insular region —-3.72 —40, -5, +8
Postcentral gyrus —3.72 —64, —11, +13
IFG -3.72 —46, +20, +23
SMG —3.72 —46, —36, +38
STG -3.54 —48, -33, +18
Precentral gyrus -3.29 —36, +8, +33
Corona radiata -3.16 —26, —3, +28
Putamen —2.78 -22, +1, -2

B. Lesion correlates of bucco-facial gesture imitation deficits relative to arm/hand gesture
imitation (independent of meaning)

Precentral gyrus —-3.72 —50, +3, +18
IFG -3.01 —48, +23, +13
SMG —-2.79 —60, —25, +43
Putamen extending into white matter —2.74 -22, +1, -2

C. Lesion correlates of arm/hand gesture imitation deficits independent of meaning
SMG —-3.72 —50, —40, +33
STG -2.82 —47,-33, +18
AG -2.75 —47, —48, +23
pMTG —2.55 —60, —53, +18

D. Lesion correlates of arm/hand gesture imitation deficits relative to bucco-facial gesture
imitation (independent of meaning)

SMG -3.12 —46, —41, +33
PMTG -2.91 -39, —63, +23
AG —2.88 —52, -52, +28
STG —2.44 —66, —49, +13

AG = angular gyrus, IFG = inferior frontal gyrus, pMTG = posterior middle temporal
gyrus, SMG = supramarginal gyrus, STG = superior temporal gyrus

For each lesion cluster, a maximum Z-value and the MNI coordinates of the
corresponding voxel are reported. All lesion correlates are significant at a vox-
elwise threshold of p < 0.05 based on 10,000 permutations. Clusters smaller
than 100 voxels were excluded.

imitation and

imitation relative to meaningless gesture imitation

18 23
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4.2. Shared neural correlates of imitation deficits

Overall, SVR-LSM analyses revealed the left SMG, as part of the IPL,
and the left STG as joint lesion correlates for gesture imitation deficits.
This was shown independently for both effectors (bucco-facial and arm/
hand) and MF and ML gesture imitation independent of the effector.

Previous studies have also identified the IPL as a common lesion site
for imitation deficits (Buxbaum et al., 2014; Lesourd et al., 2018;
Schmidt et al., 2022). Additionally, transcranial magnetic stimulation

Table 2
SVR-LSM results for deficits in imitating meaningless and meaningful gestures.

Peak MNI coordinates
XYy z

Brain region Maximum Z-value

A. Lesion correlates of meaningless gesture imitation deficits independent of the effector

STG -3.72 —47,-33, +18
SMG -3.72 —59, —42, +43
AG —3.54 —42, —42, +38

B. Lesion correlates of meaningful gesture imitation deficits independent of the effector

STG —-3.72 -39, —-36, +18
SMG -3.72 —46, —36, +38
IFG —3.43 —55, +24, +28
Corona radiata superior —2.74 -29, +3, 423
Insular region -2.70 -32, +7, +18
Precentral gyrus —2.61 —48, +4, +3

C. Lesion correlates of meaningful gesture imitation deficits relative to meaningless gesture
imitation (independent of the effector)*

IFG -3.19

Insular region —2.54

-39, +22, +13
-37, -3, -7

AG = angular gyrus, IFG = inferior frontal gyrus, SMG = supramarginal gyrus, STG =
superior temporal gyrus

For each lesion cluster, a maximum Z-value and the MNI coordinates of the
corresponding voxel are reported. All lesion correlates are significant at a vox-
elwise threshold of p < 0.05 based on 10,000 permutations. Clusters smaller
than 100 voxels were excluded.

* Note that for the reverse contrast (meaningless gesture imitation relative to
meaningful gesture imitation), no specific lesion correlates were found at the
predefined threshold.

Fig. 4. Results of the SVR-LSM ana-
lyses for meaningful (MF) and mean-
ingless (ML) gesture imitation. A.
Lesion correlates of ML gesture imita-
tion deficits (blue, cf. Table 2A) and MF
gesture imitation deficits (red, cf.
Table 2B) and their overlap (magenta).
Axial slices with MNI z-coordinates
from +3 to +43 are shown. B. Lesion
correlates specific to MF gesture imita-
tion deficits (cf. Table 2C). Colours
indicate the p-values of the corre-
sponding voxels. Axial slices with MNI
z-coordinates from +13 to +23 are
shown. For A./B.: Voxels shown are
thresholded at p < 0.05 based on
10,000 permutations; the cluster size
threshold is 100 voxels. (For interpre-
tation of the references to colour in this
figure legend, the reader is referred to
the web version of this article.)

p < 0.001
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Differential modulation of effector-specific lesion correlates by gesture meaning

-2 3 8

showed its involvement in imitating both MF and ML gestures (Van-
bellingen et al., 2014). Our data revealed the left SMG as a robust lesion
correlate for ML and MF gesture imitation deficits, independent of the
effector. The results thus strongly corroborate SMG’s role as an inte-
grative hub in the praxis system for controlling intransitive gestures
(Lesourd et al., 2018).

Besides, our data revealed the left STG extending into the superior
temporal sulcus (STS) as a significant lesion correlate for both effectors
(arm/hand, bucco-facial) and ML and MF gesture types. Over and above
parietal lesions, damage to the temporal lobe has commonly been
associated with apraxic deficits (Buxbaum & Randerath, 2018),
including impaired imitation (Dressing et al., 2018; Lingnau & Downing,
2015; Peigneux et al., 2000; Rumiati et al., 2005; Tessari et al., 2007).
These clinical observations are supported by functional imaging studies
that related activity in the STS and STG to the recognition of transitive
and intransitive gestures (Villarreal et al., 2008) as well as to active
imitation compared to mere action observation (Decety et al., 2002;
Molenberghs et al., 2010). These findings point to the role of superior
temporal brain regions (STG/STS) in processing one’s actions versus the
actions of others. This notion implies that lesions to STG (extending into
the STS) impair one’s actions, as revealed by their general association
with imitation deficits in our patient cohort.

4.3. Distinct neural substrates of deficient imitation with different
effectors

Besides, distinct neuroanatomical substrates for imitation deficits
with different effectors were identified: within the left middle cerebral
artery territory, lesions associated with bucco-facial imitation deficits
were located more anterior, and arm/hand gesture imitation deficits
were associated with more posterior lesions.

4.3.1. Neural substrates of deficits in bucco-facial gesture imitation
Besides the shared neural substrates SMG and STG for gesture
imitation, the left insular region, pre- and postcentral gyri, the IFG, and
subcortical regions, including the putamen, were significantly associ-
ated with bucco-facial gesture imitation deficits. Furthermore, differ-
ential specific lesion-deficit associations for bucco-facial gesture
imitation relative to arm/hand gesture imitation were revealed in the left
precentral gyrus, IFG, and putamen and adjacent white matter.
Consistent with our data, previous studies have revealed that bucco-
facial apraxic deficits are associated with lesions in the IFG, the insular
region and adjacent subcortical regions (Alexander et al., 1992; Con-
terno et al., 2022; Maeshima et al., 1997; Raade et al., 1991; Scandola
etal., 2021; Tognola & Vignolo, 1980). These results align with the here
identified lesion correlates for bucco-facial gesture imitation deficits
located more anterior than lesions associated with arm/hand imitation
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Fig. 5. Differential modulation of
effector-specific lesion correlates by
23 gesture meaning. Results of the SVR-
LSM analysis for the interaction effect
of gesture meaning on the effector used
for imitation. The depicted lesion cor-
relates were associated with the inter-
action term (ML bucco-facial gestures
mean score — ML arm/hand gestures mean
score) — (MF bucco-facial gestures mean
score — MF arm/hand gestures mean
score)- Colours indicate the p-values of
the corresponding voxels. Voxels shown
are thresholded at p < 0.05 based on
10,000 permutations; the cluster size
threshold is 100 voxels. Axial slices
with MNI z-coordinates from —2 to +28
are shown.

p <0.001

deficits. A recent lesion analysis in 137 LH stroke patients revealed as-
sociations of bucco-facial apraxia with large portions of the insula, the
precentral gyrus and IFG, the STG, and white matter tracts such as the
corona radiata and internal capsule (Conterno et al., 2022). The insula, a
region crucial for speech production (Dronkers, 1996), has also been
implicated in non-speech oral motor functions (Ackermann & Riecker,
2010) and facial imitation accuracy (Braadbaart et al., 2014). Hence,the
insular lesion correlate for bucco-facial imitation deficits corroborates
the proposal that this region is a crucial integrator for bucco-facial praxis
(Conterno et al., 2022).

Besides temporo-parietal and frontal lesions, bucco-facial apraxia
has been associated with striato-capsular lesions (Conterno et al., 2022;
Raade et al., 1991; Schmidt et al., 2022), consistent with the here
revealed subcortical lesion correlates of bucco-facial gesture imitation
deficits (including the basal ganglia).

4.3.2. Neural substrates of deficits in arm/hand gesture imitation

In addition to (shared) lesion sites in the SMG and STG, lesions
specifically associated with arm/hand imitation deficits (relative to the
effector bucco-facial) were found in the left AG and pMTG, and thus
extended more posteriorly within the praxis networks of the LH than
bucco-facial imitation deficits.

These findings align with previous lesion studies on limb gesture
imitation (Goldenberg, 2009; Lesourd et al., 2018; Scandola et al.,
2021). Commonly, lesions in the left IPL, including the AG and SMG,
have been found to cause limb imitation deficits (Buxbaum et al., 2014;
Goldenberg, 2009). Semantic and spatial gesture recognition, crucial in
imitating limb gestures, has been ascribed to the pMTG, making this
region a central node in processing transitive and intransitive actions
(Kalenine et al., 2010; Villarreal et al., 2008). In our study, damage to
the pMTG was specifically associated with arm/hand gesture imitation
deficits (but not with impaired bucco-facial gesture imitation). This may
support the proposal that left posterior temporal regions are also rele-
vant in processing postural components of gestures, i.e., placing the
hand relative to other body parts (Buxbaum et al., 2014; Reader &
Holmes, 2019). Correct positioning of the hand/arm in relation to other
body parts is crucial in the imitation of limb gestures, whereas it is not
relevant for bucco-facial gesture imitation.

In summary, the above-described partly distinct lesion patterns
(anterior-posterior lesion gradient for bucco-facial versus limb imitation
deficits) support the notion that apraxia is not a unitary disorder but that
apraxic deficits may dissociate for different effectors. One explanation
for such a differential lesion pattern may be that actions with different
effectors may rely on — at least partly — dissociable cognitive processes
(Schmidt et al., 2022). However, neuroanatomical effector-specific
correlates were not entirely independent for bucco-facial and arm/
hand gestures, as the SMG and STG were identified as important shared
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hubs within the praxis networks of the LH.

4.4. Neural substrates of deficits in imitating meaningless and meaningful
gestures

Lesions located in the left SMG and STG were jointly associated with
ML and MF gesture imitation deficits. ML gesture imitation deficits
showed an additional association with lesions in the left AG. Similarly,
previous studies have ascribed the processing of ML gestures to the AG
(Dressing et al., 2021; Goldenberg, 2009; Goldenberg & Hagmann,
1997; Lesourd et al., 2018; Mengotti et al., 2013; Peigneux et al., 2004).
Note that no significant lesion-deficit associations specific to ML (relative
to MF) gestures were found in the differential SVR-LSM analysis at the
predefined threshold.

In contrast, poor MF gesture imitation (relative to ML gesture imita-
tion) was specifically associated with lesions in the left IFG and the
insular region. The strong association of the left IFG with MF gesture
imitation (independent of the effector) fits with previous lesion studies
(Weiss et al., 2016). By conveying a meaning, MF gestures incorporate a
communicative aspect. Deficits in comprehending MF limb gestures
have been associated with damage to the IFG as a language-related re-
gion (Pazzaglia et al., 2008). In this regard, fMRI activation patterns in
the left IFG were found for the recognition of MF intransitive (limb)
gestures (Villarreal et al., 2008) and in processing communicative in-
tentions of gestures during imitation (Mainieri et al., 2013). Further-
more, lesion-deficit associations in the left IFG and insular region were
shown for gesture comprehension (Binder et al., 2017), and both re-
gions, together with the STG and SMG, were strongly associated with
aphasia severity (Weiss et al., 2016), further supporting the communi-
cative aspect incorporated in MF gestures. While the IFG is a core region
within the fronto-temporo-parietal LH praxis networks, the insular re-
gion bilaterally supports various, multimodal (cognitive, mnestic,
emotional and social) functions (Gogolla, 2017). In this context, higher-
level cognitive functions may also be relevant in gesture processing,
such as bodily self-awareness (Tsakiris et al., 2007), including the rep-
resentation and functioning of one’s body parts (Corradi-Dell’Acqua
et al., 2009; Karnath et al., 2005).

4.5. Differential modulation of effector-specific lesion correlates by
gesture meaning

The specific performance difference when imitating ML arm/hand
versus ML bucco-facial gestures compared to imitating MF arm/hand
versus MF bucco-facial gestures was associated with left-hemispheric
lesions in the STG, SMG, postcentral gyrus and subcortical regions.
These lesion sites were statistically associated with more pronounced
deficits in imitating ML arm/hand gestures when compared to ML
bucco-facial gestures than in imitating MF arm/hand gestures compared
to MF bucco-facial gestures. Consistent with the significant interaction
in the behavioural data, these significant SVR-LSM results for effector-
specific performance differences in ML gesture imitation (relative to
MF gesture imitation) are likely to constitute the neural correlates of the
notion that gesture meaning impacts effector-specific imitation deficits.
These findings implicate that clinicians should consider gesture meaning
(ML, MF) as a factor when assessing apraxic deficits in (LH) stroke pa-
tients, especially when stroke patients suffer from parietal cortex or
white matter lesions.

5. Limitations

Besides the retrospective study design, one limitation of the current
study relates to the patient sample that, albeit its large size, included left
hemisphere stroke patients only. Therefore, the current study cannot
reveal whether right-hemispheric regions are differentially involved in
modulating effector-specific imitation deficits by gesture meaning.
While apraxia is commonly observed in patients with lesions in the left-
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hemispheric praxis networks, apraxic deficits, including bucco-facial
apraxia (Bizzozero et al., 2000), have also been reported after right-
sided brain damage (Dressing et al., 2020; Goldenberg, 1996, 1999;
Lesourd et al., 2018; Ubben et al., 2020). Thus, future studies are war-
ranted to shed light on the bucco-facial versus arm/hand effector spec-
ificity and the effect of gesture meaning in patients with right
hemisphere stroke.

Besides the grey matter lesion-deficit associations, we detected sta-
tistically significant lesion clusters within white matter tracts, analogous
to previous studies (Dressing et al., 2021; Kusch, Schmidt, et al., 2018;
Martin et al., 2016; Watson & Buxbaum, 2015). Notably, the association
of behavioural performance with cortical structures was more pro-
nounced than the association with white matter tracts, which is
consistent with other studies of apraxia (Martin et al., 2016). The
observed white matter lesion-deficit associations could indicate
connectional diaschisis in the praxis networks resulting in apraxic def-
icits (Carrera & Tononi, 2014). Future studies applying connectome-
based lesion-symptom mapping (Foulon et al., 2018; Fox, 2018;
Gleichgerrcht et al., 2017) might enhance the detection of white matter
lesion-deficit associations and related network effects in effector-specific
gesture imitation deficits modulated by gesture meaning.

6. Conclusion

On a behavioural level, our study revealed that assessing the imita-
tion of ML gestures in LH stroke patients is more sensitive in unravelling
effector-specific performance deficits for arm/hand vs bucco-facial
gestures than the imitation of MF gestures. This differential effect of
gesture meaning on effector-specific imitation performance was
mirrored on the neural level by significant lesion correlates of this
interaction in the STG, SMG, postcentral gyrus and subcortical struc-
tures of the LH. Thus, the current study extends previous work on the
modulation of effector-specific imitation deficits by gesture meaning to
bucco-facial gestures in revealing for the first time statistically signifi-
cant lesion correlates for this modulation by adopting SVR-LSM analysis
in a large cohort of 194 LH stroke patients.
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