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Abstract It is debated how language and praxis are co-

represented in the left hemisphere (LH). As voxel-based

lesion-symptom mapping in LH stroke patients with

aphasia and/or apraxia may contribute to this debate, we

here investigated the relationship between language and

praxis deficits at the behavioral and lesion levels in 50 sub-

acute stroke patients. We hypothesized that language and

(meaningful) action are linked via semantic processing in

Broca’s region. Behaviorally, half of the patients suffered

from co-morbid aphasia and apraxia. While 24 % (n = 12)

of all patients exhibited aphasia without apraxia, apraxia

without aphasia was rare (n = 2, 4 %). Left inferior fron-

tal, insular, inferior parietal, and superior temporal lesions

were specifically associated with deficits in naming, read-

ing, writing, or auditory comprehension. In contrast,

lesions affecting the left inferior frontal gyrus, premotor

cortex, and the central region as well as the inferior parietal

lobe were associated with apraxic deficits (i.e., pantomime,

imitation of meaningful and meaningless gestures). Thus,

contrary to the predictions of the embodied cognition the-

ory, lesions to sensorimotor and premotor areas were

associated with the severity of praxis but not language

deficits. Lesions of Brodmann area (BA) 44 led to com-

bined apraxic and aphasic deficits. Data suggest that BA 44

acts as an interface between language and (meaningful)

action thereby supporting parcellation schemes (based on

connectivity and receptor mapping) which revealed a BA

44 sub-area involved in semantic processing.
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Abbreviation

ACA Anterior cerebral artery

BA Brodmann area

FWE Family-wise error

IFG Inferior frontal gyrus
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e-mail: p.h.weiss@fz-juelich.de

S. D. Ubben

e-mail: simon.ubben@yahoo.de

G. R. Fink

e-mail: g.r.fink@fz-juelich.de

P. H. Weiss � S. D. Ubben � S. Kaesberg � J. Kessler �
G. R. Fink

Department of Neurology, University Hospital Cologne,

50924 Cologne, Germany

e-mail: stephanie.kaesberg@uk-koeln.de

J. Kessler

e-mail: josef.kessler@uk-koeln.de

S. Kaesberg � E. Kalbe
Institute of Gerontology and Center for Neuropsychological

Diagnostics and Intervention (CeNDI), Psychological

Gerontology, University of Vechta, 49377 Vechta, Germany

e-mail: elke.kalbe@uni-vechta.de

T. Liebig

Department of Neuroradiology, University Hospital Cologne,

50924 Cologne, Germany

e-mail: thomas.liebig@uk-koeln.de

123

Brain Struct Funct (2016) 221:563–576

DOI 10.1007/s00429-014-0925-3

http://crossmark.crossref.org/dialog/?doi=10.1007/s00429-014-0925-3&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00429-014-0925-3&amp;domain=pdf


LH Left hemisphere

MCA Middle cerebral artery

MNI Montreal neurological institute

MPM Maximum probability map

PCA Posterior cerebral artery

SMG Supramarginal gyrus

SPM Statistical parametric mapping

SPSS Statistical package for the social sciences

STG Superior temporal gyrus

VLSM Voxel-based lesion-symptom mapping

WM Working memory

Introduction

There is a longstanding debate how language and praxis are

co-represented in the left hemisphere (LH) of the human brain

(Roby-Brami et al. 2012). Currently, the notion of separate

albeit partially overlapping LH networks for praxis and lan-

guage that may be lesioned together by a stroke affecting the

territory of the left middle cerebral artery (MCA) is prevail-

ing. However, lesion studies which directly address this issue

remain scarce (Kertesz et al. 1984). An alternative account for

a joint vasculature-related vulnerability assumes that the

association of aphasia and apraxia may result from lesion-

induced disturbances of cognitive (sub-) functions critically

involved in both language and praxis. Current cognitive

models propose that the processing of language (Kümmerer

et al. 2013) and action (Tessari et al. 2007) are both supported

by a semantic (indirect) and non-semantic (direct) route. This

cognitive similarity has inspired theories that assume a close

link between language and praxis [e.g., motor theory of

speech perception (Pulvermüller and Fadiga 2010), embodied

cognition (Rizzolatti and Arbib 1998), evolution of language

via gestural communication (Roby-Brami et al. 2012)].

Since language and praxis deficits are frequent sequelae

of left-hemispheric stroke with strong impact upon reha-

bilitation outcome (Donkervoort et al. 2006; Laska et al.

2001) that debate has also important implications: a better

understanding of the pathophysiology of aphasia and

apraxia is needed to inspire both theories of language and

praxis and new therapeutic approaches.

To inform the on-going debate on whether language and

praxis share a common neural basis and to elucidate how

these two dissociable cognitive functions are represented

within the same hemisphere of the human brain, we here

employed detailed neuropsychological testing and precise

statistical lesion analyses [voxel-based lesion-symptom

mapping, VLSM (Bates et al. 2003)] in a clinically repre-

sentative sample of LH stroke patients (n = 50). Based on

previous reports postulating an important role of Broca’s

region for the interaction of language and praxis (Binkofski

and Buccino 2004; Kühn et al. 2013; Nishitani et al. 2005;

Willems and Hagoort 2007), we were especially interested to

investigate whether one of the sub-areas characterized in the

recently proposed parcellation schemes of Broca’s region

(i.e., Brodmann’s areas (BA) 44 and 45) based on connec-

tivity (Clos et al. 2013) and receptor mapping (Amunts et al.

2010) serves as a neural interface of language and praxis. In

view of the importance of semantic processing for the inter-

play between language and (meaningful) action (Mengotti

et al. 2013; Saygin et al. 2004), the anterior-ventral sub-area

of BA 44, specifically involved in the detection of (supra-

modal) meaning (cluster 3 of Clos et al. 2013), constitutes a

promising candidate region for this interface.

Methods

Patients

In total, 69 patients, who were admitted to the Department

of Neurology of the University Hospital Cologne with the

tentative diagnosis of a (ischemic or hemorrhagic) LH

stroke, were consecutively recruited in different time

intervals during the period from January 2009 to May

2011. These patients fulfilled the inclusion criteria for the

neuropsychological testing (i.e., sufficient knowledge of

German, age[18 or\90 years, right-handedness, and no

other neurological or psychiatric diseases affecting cogni-

tive abilities).

In 3 patients, stroke diagnosis was not confirmed (e.g.,

sinus vein thrombosis or subarachnoid hemorrhage).

Lesion analysis could be performed in 50 of the remaining

66 patients due to additional exclusion criteria specifically

related to this procedure: bi-hemispheric lesions according

to patient history or imaging data [n = 14; note that

patients with right-hemispheric defects greater than 10 mm

were considered to suffer from bi-hemispheric lesions,

(Weisberg 1988)] or lack of lesion demarcation in clinical

imaging despite persisting neurological/neuropsychologi-

cal deficit (n = 2).

The final patient sample (n = 50; 33 males, 66 %) had a

mean age of 65.9 years (SD 13.7, median 71, range 34–87).

Five of the 50 patients (10 %) suffered from a hemorrhagic

stroke. Ischemic strokes (n = 45) involved the carotid

artery territory in 34 cases (76 %, including two combined

ACA and MCA infarcts and one anterior borderzone

infarction) and the vertebro-basilar artery territory in 8

cases (18 %, mainly affecting the territory of the posterior

cerebral artery, PCA). The remaining three cases (7 %)

with ischemic strokes presented with unilateral multifocal

lesions in both vascular territories. There was one patient

who presented with an additional infra-tentorial lesion

564 Brain Struct Funct (2016) 221:563–576

123



affecting the pons. Thus, the current sample constitutes a

clinically representative sample of LH stroke patients

according to the Lausanne stroke registry (Bogousslavsky

et al. 1988).

The mean time interval between stroke onset and

detailed neuropsychological assessment was 6.53 days

(median 5.0, range 2–20, SD 4.72). All patients were

examined during the sub-acute stage of their disease (i.e.,

[24 h post-stroke; Hillis et al. 2002). The study was

approved by the local ethics committee.

Neuropsychological assessment

Based on the models proposing a semantic and a non-

semantic route for both language and praxis we used a

battery of seven neuropsychological tasks that assessed the

integrity of both the semantic and the non-semantic routes

(for language: naming, reading, writing, and auditory

comprehension; for praxis: pantomime and imitation of

meaningful and meaningless gestures). Note that the per-

formance in many language and praxis tasks depends on

contributions of both routes [e.g., for naming cf. (Schwartz

et al. 2012); for imitation cf. (Rumiati et al. 2005)] rather

than one route only. These seven tasks were administered

by a clinical neuropsychologist of the University Hospital

Cologne and were based on a larger neuropsychological

bedside screening tool specifically designed for stroke

patients in the sub-acute stage of stroke [Cologne Neuro-

psychological Screening for Stroke patients, German:

Kölner Neuropsychologisches Screening für Schlaganfall-

Patienten (KöpSS); Kaesberg et al. 2013b].

The following language tasks were applied:

– Naming The patient is asked to name a compound noun

and an action depicted on a picture. As the third item,

the patient is asked to describe with one sentence a

scene which is presented as a picture.

– Reading aloud The patient is asked to read aloud a

compound noun, a verb, and a sentence describing an

action.

– Writing The patient is asked to write down a compound

noun, a verb, and a sentence describing an action all of

which are read by the examiner. The patient is allowed

to use her/his preferred hand. It has to be mentioned

that the writing task could not be performed in nine

patients. In most of these cases, right-sided hemiparesis

precluded the proper evaluation of writing perfor-

mance. Moreover, some patients refused to write with

the left hand.

– Auditory comprehension A compound noun, a verb, and

a simple sentence describing an action are read out aloud

to the patient. For each of the three items, the patient is

asked to choose the matching picture among three

different options. The other two pictures show a seman-

tically related and a neutral (unrelated) distractor.

The following praxis tasks were applied:

The praxis tasks were performed with the left, i.e., ipsi-

lesional hand.

– Pantomime The patient is shown six pictures illustrat-

ing different objects (ball-point pen, dice, drinking

glass, razor, toothbrush, and watering pot). In response

to each picture, the patient is asked to pantomime the

use of the depicted object. One patient could not be

tested as he refused to perform pantomimes with his

left, non-dominant hand/arm.

– Imitation of meaningful gestures Based on four pictures

which show a person demonstrating different mean-

ingful gestures (blowing cheeks, sticking out the

tongue, urging somebody to be quiet, and the stop-

sign gesture), the patient is asked to imitate these four

meaningful gestures.

– Imitation of meaningless gestures The patient has to

imitate two meaningless gestures (moving in the lips,

holding the open hand close to the ipsi-lateral ear).

Again, the gestures are presented as pictures of a person

demonstrating these two meaningless gestures.

Each neuropsychological task was explained to the patient

using an example item. The score range per task item was

0–2. Therefore, the maximum score for a domain (language,

praxis) consisting of 12 items each was 24. Impairment in a

given neuropsychological task was defined as scoring less

than the maximum score (i.e., failing at one item). Note that

patients were allowed to correct their performance in a given

trial. Corrected trials were not scored as errors.

Patients in whom at least one of the routes for language or

praxis was impaired (i.e., they showed deficient performance

in at least one of the language or praxis tasks) were classified

as aphasic or apraxic, respectively. This approach of defin-

ing cognitive impairment has already been used in previous

studies (Dovern et al. 2011; Vossel et al. 2012).

Lesion mapping

Lesion mapping was performed using either MRI (n = 26)

or CT (n = 24). If multiple images were available, the

image set closest to the date of neuropsychological testing

was selected. In addition to the current stroke lesion, mi-

croangiopathic lesions in both hemispheres were mapped if

they were between 5 and 10 mm in diameter (see also

Wahlund et al. 2001).

As in (Schnur et al. 2009), we identified lesion

boundaries on a standard Montreal Neurological Institute

(MNI) template using the freely available MRIcron

software package (http://www.mccauslandcenter.sc.edu/
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mricro/mricron/install.html; MRIcron, RRID:nif-0000-

00122) after reslicing the T1-weighted MNI template

brain (ch2.nii) to match the angle of acquisition for each

patient’s scan. Then, we matched each slice of the

patient’s scan to a slice in the MNI template. Thereafter,

SDU manually drew the lesion contour onto the corre-

sponding axial slices of the template (at 5 mm slice

distance). As CT scans provide fewer slices than the

template, we manually interpolated between CT slices to

render the lesion on the respective slices of the template.

This manual tracing technique is currently considered to

be best suited for exact lesion delineation (Wilke et al.

2011). Lesion mapping was consecutively checked by

PHW, a board-certified neurologist. Both examiners

were blind to the individual patient’s neuropsychological

performance at the time of lesion mapping and had to

agree upon the exact lesion extent.

Statistical analyses

All statistical analyses were performed using the Sta-

tistical Package for the Social Sciences (SPSS�, IBM�)

version 22 and the above-mentioned MRIcroN software

package. To assess possible correlations between task

scores, Spearman non-parametric correlation analyses

were performed, since the task scores were not normally

distributed (as assessed by the Kolmogorov–Smirnov

test). Results are reported at p\ 0.05 (Bonferroni-

corrected).

Voxel-based lesion-symptom mapping (VLSM) was

performed for the individual task scores of the four lan-

guage and three praxis tasks as well as for the domain

scores (language, praxis). For all VLSM analyses, only

voxels damaged in at least 5 % of the patients were

included. All VLSM results are reported at p\ 0.05

[family-wise error (FWE) Bonferroni-corrected for the

number of unique lesion patterns].

The anatomical interpretation of the lesion mapping

results was performed using the SPM Anatomy toolbox

(Eickhoff et al. 2005; http://www.fz-juelich.de/inm/inm-1/

DE/Forschung/_docs/SPMAnatomyToolbox/SPMAnatomy

Toolbox_node.html).

Results

Behavioral data

Fifty-four percent of the patients with sub-acute left-

hemispheric stroke suffered from apraxia (n = 27), while

74 % were aphasic (n = 37).

Impairment of specific language functions was found

with the following prevalence rates: 34 % (n = 17) for

auditory comprehension, 50 % (n = 25) for reading, 52 %

(n = 26) for naming, and 66 % (n = 27) for writing (note

that only 41 patients could be tested for writing). The

severity of specific language impairments reflected by the

individual task scores correlated significantly for all lan-

guage tasks (p\ 0.0014). The strongest correlation was

revealed between the naming and reading aloud tasks

(r = 0.86, Table 1).

Specific praxis deficits were found in 23 (47 %) of the 49

patients tested for pantomimes, in 21 (42 %) of the 50

patients tested for the imitation of meaningful gestures, and

in 19 (38 %) of the 50 patients tested for the imitation of

meaningless gestures. Within the praxis domain, all task

scores correlated significantly with each other (p\ 0.0014).

The strongest correlation was found between pantomime and

the imitation of meaningful gestures (r = 0.79, Table 1).

Regarding the association of aphasia and apraxia, the

most common constellation was combined aphasia and

apraxia which was found in 50 % (n = 25) of the patients.

Approximately two-thirds (67 %, n = 25) of all aphasic

patients (n = 37) were also apraxic. Conversely, 93 % of

all apraxic patients additionally suffered from aphasia. This

predominance of aphasic deficits after LH stroke is in

accordance with clinical experience and empirical studies

(De Ajuriaguerra et al. 1960; De Renzi et al. 1980).

Aphasia without apraxia was present in 24 % (n = 12) of

all cases, while we only found two patients (4 %) suffering

from apraxia who showed no symptoms of aphasia. Eleven

patients (22 %) did not show any language or praxis

impairment. Note that the writing task score was not

available for two of these 11 patients, who performed

above cut-off in all the other six tasks. Fisher’s exact test

revealed that the prevalence of aphasia was not indepen-

dent of that of apraxia (p\ 0.05). Furthermore, the domain

scores for language and praxis correlated significantly with

each other (p\ 0.0014, Table 1).

Moreover, the between-domain correlations (i.e., correla-

tions between the scores of the language and the praxis tasks)

were significant for almost all pairings with the exception of

the following two: between the scores of the writing and

imitation of meaningless gestures tasks (r = 0.40,

p = 0.011), and also between the language domain score and

the score for the imitation of meaningless gestures task

(r = 0.48, p = 0.002; see Table 1). Furthermore, the per-

formance scores of all language tasks and the language

domain score correlated best with the pantomime score.

Lesion analysis

General distribution of the lesions

The lesion overlay plot (n = 50) is shown in Fig. 1.

Consistent with the fact that the current sample

566 Brain Struct Funct (2016) 221:563–576

123

http://www.mccauslandcenter.sc.edu/mricro/mricron/install.html
http://www.fz-juelich.de/inm/inm-1/DE/Forschung/_docs/SPMAnatomyToolbox/SPMAnatomyToolbox_node.html
http://www.fz-juelich.de/inm/inm-1/DE/Forschung/_docs/SPMAnatomyToolbox/SPMAnatomyToolbox_node.html
http://www.fz-juelich.de/inm/inm-1/DE/Forschung/_docs/SPMAnatomyToolbox/SPMAnatomyToolbox_node.html


constituted a clinically representative sample of LH

stroke patients, the highest lesion overlap was observed

within the territory of the middle cerebral artery (MCA),

especially in the insula and adjacent subcortical areas,

i.e., areas of the core MCA territory. In contrast,

(anterior) frontal and parietal regions were affected to a

lesser degree. Note that anterior (inferior frontal) and

posterior (temporo-parietal) peri-sylvian brain regions

were affected to a similar degree.

Lesions associated with severity of aphasia and specific

aphasic deficits

The severity of aphasia was reflected in the language

domain score, which was the sum of the four language task

scores. VLSM analysis based on this language domain

score revealed that severity of aphasia was mainly associ-

ated with lesions involving the left inferior frontal gyrus

(IFG), anterior insula, and superior temporal gyrus [STG,

Fig. 1 Lesion overlay of all left-hemisphere stroke patients (n = 50). Color shades represent the increasing number of overlapping lesions.

Slices with the MNI-z-coordinates from -7 to 58 are shown

Table 1 Test score correlations within and between both cognitive domains (language, praxis)

Reading

aloud

Writing Comprehension Language

domain

Pantomime Imitation of MF

gestures

Imitation of ML

gestures

Praxis

domain

Naming 0.86 0.64 0.56 0.87 0.74 0.61 0.45 0.71

Reading aloud 0.65 0.55 0.86 0.72 0.59 0.44 0.69

Writing 0.72 0.90 0.71 0.53 0.40 0.68

Comprehension 0.78 0.66 0.64 0.52 0.70

Language domain 0.75 0.60 0.48a 0.73

Pantomime 0.79 0.59 0.97

Imitation of MF

gestures

0.71 0.86

Imitation of ML

gestures

0.70

Spearman’s non-parametric correlation coefficients within and between the language and praxis domains. All pair-wise correlations (with two

exceptions) are significant at the level of p\ 0.0014 (i.e., p\ 0.05, Bonferroni-corrected for the number of tests, n = 36)

MF meaningful, ML meaningless
a The correlations between the writing and imitation of ML gestures tasks (p = 0.011) as well as between the language domain score and

imitation of ML gestures task (p = 0.02) were not significant at this stringent threshold
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extending into the supramarginal gyrus (SMG); Fig. 2a;

red as well as purple and yellow areas].

With respect to the single language tasks, further VLSM

analyses showed that impairment in the naming and read-

ing aloud tasks was associated with similar lesions in the

left inferior frontal and superior temporal gyri (again

extending into the SMG). However, the lesions associated

with deficits in reading aloud were more extensive and

encompassed also the dorsal portion of the IFG (Fig. 3a, b).

At p\ 0.05, FWE corrected for the number of unique

lesion patterns, VLSM analysis for the writing task yielded

a few significant voxels mainly within the rolandic oper-

culum and precentral gyrus (Fig. 3c). Deficits in auditory

comprehension were also mainly associated with damage

to the left IFG and STG with additional involvement of the

middle frontal gyrus and a more extended involvement of

the STG (Fig. 3d).

Lesions associated with severity of apraxia and specific

apraxic deficits

Voxel-based lesion-symptom mapping analysis based on

the praxis domain score (i.e., the sum of the three praxis

task scores) revealed that the severity of apraxia was

associated with lesions of the left IFG, premotor cortex and

the pre- and postcentral regions (Fig. 2a; dark blue as well

as purple and yellow areas). VLSM analyses based on the

individual praxis task scores showed a predominant

Fig. 2 Lesion correlates of combined aphasic and apraxic deficits

(VLSM). a Summary of VLSM results for the language domain score

(red, n = 41), the praxis domain score in all available patients (dark

blue, n = 49) and the praxis domain score in aphasic patients only

(light blue, n = 36). The overlap of the VLSM results for the

language and praxis domains in all available patients is shown in

purple. The common lesion site revealed by the VLSM for the

language domain (n = 41) and the VLSM for the praxis domain in

aphasic patients only (n = 36) is depicted in yellow (note that the

yellow marked common lesion site is part of the overlap lesion

marked in purple). According to the Anatomy toolbox (Eickhoff et al.

2005), this common lesion marked in yellow was mainly located in

Brodmann area 44 (i.e., the opercular part of the inferior frontal gyrus,

IFG) as part of Broca’s region. All results are FWE Bonferroni-

corrected for the number of unique lesion patterns, p\ 0.05: z[ 4.06

for aphasic deficits (i.e., language domain score, red, n = 41),

z[ 4.22 for apraxic deficits (i.e., praxis domain score in all available

patients, dark blue, n = 49), and z[ 4.16 for apraxic deficits in

aphasia (i.e., praxis domain score in aphasic patients only, light blue,

n = 36). MNI-z-coordinates from -7 to ?58 are shown. b Relation-

ship of the common lesion site for aphasic and apraxic deficits

(marked yellow) with the anterior-ventral sub-area of BA 44 involved

in semantic processing (blue, cluster 3 of Clos et al. 2013). Note that

the BA 44 sub-area encompasses the specific lesion site for combined

aphasia and apraxia in its full extent (axial slices at MNI-z-

coordinates 8, 13, and 18 mm)
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association of impaired pantomime of object use with

lesions of the left IFG, premotor and (pre-)central regions

as well as the inferior parietal lobe (IPL, more precisely:

SMG; Fig. 4a). Deficient imitation of meaningful gestures

was related to lesions of the left IFG extending into the

middle frontal gyrus, premotor cortex and peri-central

regions (Fig. 4b). At this stringent threshold, only one

significant voxel was found within the left superior parietal

Fig. 3 Lesion correlates of deficits in the language tasks (VLSM).

a Naming task (n = 50), b reading aloud task (n = 50), c writing task
(n = 41), d auditory comprehension task (n = 50). All results are

FWE Bonferroni-corrected for the number of unique lesion patterns;

z[ 4.22 for the naming, reading aloud and auditory comprehension

tasks, z[ 4.06 for the writing task. Only voxels damaged in at least

5 % of the patients were analyzed. MNI-z-coordinates from -7 to

?58 are shown. Red circles delineate single significant voxels found

for the writing task
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lobe. Deficits in imitating meaningless gestures were

marginally associated with a few lesion voxels in the left

IFG (triangular part only), but were strongly associated

with lesions of the (post)-central regions (Fig. 4c). Overall,

compared to pantomime impairments deficits in (mean-

ingless) gesture imitation were more strongly related to

lesions affecting the postcentral gyrus of the parietal lobe

(Fig. 4a-c). Moreover, in patients with deficits in imitating

meaningless gestures there was no association with lesions

of the opercular part of the left IFG or of the premotor

cortex (BA 6).

Lesions associated with combined aphasic and apraxic

deficits

The lesion sites common to both VLSM-analyses of the

language and praxis domain scores represent the areas

involved in the interaction of language and praxis in the

Fig. 4 Lesion correlates of deficits in the praxis tasks (VLSM).

a Pantomime task (n = 49), b imitation of meaningful gestures

(n = 50), c Imitation of meaningless gestures (n = 50). All results

are FWE Bonferroni-corrected for the number of unique lesion

patterns; z[ 4.22 for all praxis tasks. Only voxels damaged in at least

5 % of the patients were analyzed. MNI-z-coordinates from ?3 to

?68 are shown. The red circle delineates the only significant voxel

found for the imitation of meaningful gestures in the left superior

parietal lobe

570 Brain Struct Funct (2016) 221:563–576

123



left hemisphere (Fig. 2a, purple areas). Restricting the

VLSM for the praxis domain to the aphasic patients only

(i.e., examining the lesion sites associated with increasing

severity of apraxia within the sample of aphasic patients

only, Fig. 2a, light blue areas) should reveal the areas that

are necessary for a proper interaction between the language

and praxis systems rather than those areas that are gener-

ally involved in that interaction. This analysis could be

performed in 36 of the 37 aphasic patients for whom

complete praxis task scores were available and revealed a

common lesion site in the opercular part of the left IFG

(Fig. 2, yellow areas), which mainly corresponded to

Brodmann area (BA) 44 according to the Anatomy toolbox

(Eickhoff et al. 2005). Note that this common lesion site for

combined aphasia and apraxia in the opercular part of the

left IFG was mainly driven by the pantomime task and the

imitation of meaningful gestures task, since deficits in

imitating meaningless gestures were not significantly

associated with lesions of the opercular part of the left IFG

(see Fig. 4c).

Broca’s region consists of BA 44 and 45. However,

receptor mapping (Amunts et al. 2010) and connectivity-

based parcellation of Broca’s region (Clos et al. 2013)

recently suggested that BA 44 can be further subdivided

into BA 44v and BA 44d, which in turn consist of different

functionally defined clusters (BA 44d: clusters 1 and 2; BA

44v: clusters 3 and 4; Clos et al. 2013). Therefore, we

examined the relationship of the above reported common

lesion site within BA 44 (reflecting the specific lesion site

for combined aphasia and apraxia) with the four BA 44

clusters of Clos et al. (2013). The NIfTI-files of these

clusters (normalized to MNI space) are freely available at:

http://www.fz-juelich.de/inm/inm-1/DE/Forschung/Brain_

Network_Modeling/Brain_Network_Modeling_node.html.

There was no overlap with the BA 44 clusters 1, 2, and

4. However, there was a substantial anatomical overlap

between the common lesion site for combined aphasia and

apraxia in the current study (yellow areas in Fig. 2a, b) and

the anterior-ventral BA 44 cluster 3 of Clos et al. (2013;

blue areas, Fig. 2b). Moreover, the BA 44 cluster 3

Fig. 5 Relationship of the specific lesion correlate of combined

aphasic and apraxic deficits with the cytoarchitectonically defined

Brodmann areas 44 and 45. Lateral view on the rendered left

hemisphere of the MNI template brain provided by MRIcron

depicting cytoarchitectonically defined Broca’s region based on the

maximum probability maps (MPMs) of Brodmann areas (BA) 44

(red) and 45 (green, Amunts et al. 1999, 2004). Depiction of the

correspondence between the (macro-anatomical) landmarks of Bro-

ca’s region (i.e., pars opercularis and triangularis of the inferior

frontal gyrus, IFG) and the specific lesion correlate of combined

aphasic and apraxic deficits derived from the VLSM analyses

(yellow), the anterior-ventral cluster 3 of Brodmann area (BA) 44

based on connectivity analyses (blue, Clos et al. 2013) as well as the

MPMs of BA 44 (red) and BA 45 (green) based on cytoarchitecture

(Amunts et al. 1999, 2004). Note that the cluster 3 of BA 44 forms—

by definition—the anterior-ventral border of BA 44, i.e., this cluster

borders on BA 45 (compare a and b)
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encompassed the specific lesion site for combined aphasia

and apraxia in its full extension (see axial slices at MNI-z-

coordinates 8, 13, and 18 mm, Fig. 2b).

The correspondence between cytoarchitectonically

defined Broca’s region [i.e., BA 44 (red) and BA 45

(green)] and the specific lesion correlate of combined

aphasic and apraxic deficits derived from the VLSM

analyses (yellow) is further illustrated in Fig. 5 depicting a

lateral view on the rendered left hemisphere of the MNI

template brain provided by MRIcron. Note that the

(semantic) cluster 3 of BA 44 (blue, Clos et al. 2013)

forms—by definition—the anterior-ventral border of BA

44, i.e., this cluster borders on BA 45.

Discussion

Characterizing aphasic and apraxic symptoms as deficits of

the semantic and/or non-semantic route of language and

praxis processing in a clinically representative sample of

50 patients with sub-acute left hemisphere (LH) stroke, we

here showed by statistical lesion analyses that concurrent

aphasia and apraxia are specifically associated with lesions

affecting the left inferior frontal gyrus (IFG), in particular

the connectivity-based anterior-ventral sub-area of Brod-

mann area (BA) 44 (cluster 3 of Clos et al. 2013). As this

cluster is specifically involved in extracting meaning from

sensory information and semantic processing, this finding

strongly suggests that language and (meaningful) action

interact via supra-modal semantic processing taking place

in BA 44 of Broca’s region. This notion is corroborated by

the current finding that the common lesion site for com-

bined aphasia and apraxia in BA 44 was—for praxis—

mainly driven by deficits in pantomiming and imitating

meaningful gestures.

Prevalence of aphasic and apraxic deficits

and the combination thereof

Patients were classified as aphasic (74 %, n = 37) or

apraxic (54 %, n = 27) when at least one of the routes for

language or praxis was impaired (i.e., they showed defi-

cient performance in at least one of the neuropsychological

tasks for a given domain, see also Dovern et al. 2011;

Vossel et al. 2012). The frequency of co-morbid aphasia

and apraxia in the current sample of LH stroke patients was

50 % (n = 25). We also observed dissociations between

aphasia and apraxia: two patients (4 %) presented with

apraxia in the absence of aphasia while almost a quarter of

the patients (n = 12, 24 %) showed aphasia without

apraxia. Taken together, previous studies (Papagno et al.

1993) and our current data suggest that in LH stroke the co-

occurrence of aphasia and apraxia is the most common

constellation. Also, the severity of both syndromes as

assessed by language and praxis domain scores correlated

significantly.

Lesion correlates of aphasic and apraxic deficits

and the combination thereof

Deficits in the individual language and praxis tasks were

predominantly associated with anterior and posterior

lesions [for language: (1) anterior: IFG and anterior insula,

and (2) posterior: superior temporal and supramarginal

gyri; for praxis: (1) anterior: IFG, premotor and precentral

gyrus, and (2) posterior: postcentral gyrus and supramar-

ginal gyrus]. These lesion patterns suggest that processing

in either domain (language, praxis) depends on the integrity

of the semantic and non-semantic routes that comprise both

anterior and posterior brain regions (Binkofski and Bux-

baum 2013; Kümmerer et al. 2013; Saur et al. 2008; Tes-

sari et al. 2007).

According to the embodied cognition theory, lesions to

motor areas, like primary motor and premotor cortex,

should result in deficits of processing action-related lan-

guage. In stark contrast, in the current sample of sub-acute

stroke patients the severity of praxis but not language

deficits was associated with sensorimotor and premotor

lesions (see Fig. 2). Therefore, the current data do not

support the view that the processing of action-related lan-

guage critically depends on the integrity of the sensori-

motor and premotor regions.

By statistical lesion analysis for combined aphasic and

apraxic deficits, we here identified the areas that are nec-

essary for the interaction between language and (mean-

ingful) action. This analysis yielded a lesion site located

within the IFG that mainly corresponded to the connec-

tivity-based anterior-ventral sub-area (cluster 3 of Clos

et al. 2013) of BA 44 (Eickhoff et al. 2005). Therefore, the

current data strongly suggest that BA 44 (or more precisely

the anterior-ventral sub-area of BA 44) is critically

involved in the interaction of the motor and language

systems (Binkofski and Buccino 2004). Thus, the current

clinico-anatomical study (based on structural lesion map-

ping, Bates et al. 2003) provides support for the functional

significance of the recently developed connectivity-based

parcellation method (derived from functional imaging,

Eickhoff et al. 2011) for a better understanding of the

pathophysiology of clinically important cognitive syn-

dromes in neurological patients.

In addition to its prominent role in the human mirror

neuron system (Rizzolatti and Craighero 2004), BA 44

subserves specific praxis functions (Caspers et al. 2010),

e.g., action recognition (Buccino et al. 2004), action

encoding (Fazio et al. 2009), or gesture imitation (Heiser

et al. 2003). On the other hand, several language functions
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have traditionally been attributed to BA 44 as part of

Broca’s region, e.g., syntactic processing (Heim et al.

2006), verbal fluency (Amunts et al. 2004), and lexical

decision making (Heim et al. 2007). Accordingly, our

finding that praxis and language processing interact in BA

44 is fully consistent with previous functional imaging

studies (Kühn et al. 2013; Nishitani et al. 2005).

A recent study in a similar sized (n = 57) cohort of

chronic LH stroke patients (Mengotti et al. 2013), which

focused on the differential effects of lesions to the

semantic (indirect) and non-semantic (direct) route for

gesture imitation, demonstrated that lesions to the angular

gyrus are associated with deficits in imitating meaningless

gestures only (Weiss et al. 2001), while supramarginal

gyrus lesions are associated with deficits in meaningful

gesture imitation and linguistic impairments. In that study

also IFG-lesions were associated with aphasic (i.e.,

naming and repetition) and apraxic (i.e., imitating mean-

ingful gestures) deficits (page 2611 and Fig. 3; see also

Goldenberg and Spatt 2009). Furthermore, a study of

patients suffering from primary progressive aphasia

revealed that the left anterior inferior parietal cortex

(including the supramarginal gyrus) is a cortical relay

station of the semantic pathway connecting the superior

temporal cortex and the IFG (Nelissen et al. 2010).

Therefore, language and praxis may interact in BA 44 as

part of the IFG, since BA 44 serves as a convergence

zone for the semantic and non-semantic routes of lan-

guage and praxis (Friederici et al. 2006).

Alternatively, the previously demonstrated involvement

of BA 44 in motor (Rumiati and Tessari 2002) and verbal

(Rogalsky et al. 2008) working memory (WM) may—at

least in part—account for the observed interaction of praxis

and language in this area, since WM may constitute a

cognitive (sub-)function critically involved in both lan-

guage and praxis that is compromised by lesions of BA 44.

This notion is supported by our behavioral finding that the

severity of aphasic deficits (as assessed by the language

domain score) predominantly correlated with pantomime

performance (Table 1), which is known to rely on WM

(Bartolo et al. 2003). Intact WM functioning is also a

prerequisite for processing complex hierarchically struc-

tured sequences which is necessary for both language and

praxis (Higuchi et al. 2009). Interestingly, BA 44 of the

IFG is involved in processing complex grammar (Friederici

et al. 2006) as well as in complex action sequences during

(pantomiming) tool use (Goldenberg et al. 2007; Golden-

berg and Spatt 2009) supporting claims of an evolutionary

link between language and tool use (Roby-Brami et al.

2012).

Finally, the role of the anterior-ventral sub-area of IFG’s

BA 44 (cluster 3 of Clos et al. 2013) in extracting meaning

from sensory information and in semantic processing may

predestine this area as the site of interaction between lan-

guage and praxis: pantomime recognition deficits in

aphasic patients (Saygin et al. 2004) and deficient recog-

nition of meaningful (transitive and intransitive) gestures

(Pazzaglia et al. 2008) are associated with left IFG lesions.

Consistent with the current findings functional imaging and

connectivity analysis revealed that the left IFG integrates

language (speech) and action (pantomime) with respect to

semantics (Willems et al. 2009). This semantic integration

and unification function (Hagoort 2005) may well predis-

pose BA 44, and more specifically its anterior-ventral sub-

area, as the neural site of interaction between language and

(meaningful) action (van Schie et al. 2006).

It should be noted that in the language system BA 45

rather than BA 44 is considered the site of semantic pro-

cessing. Moreover, the classical semantic language path-

way is thought to connect temporal areas (e.g., STG) with

BA 45 (and 47) of the IFG via a ventral association tract

(Saur et al. 2008), thus not involving the IPL. However, for

praxis the semantic (indirect) route processing meaningful

actions may well involve the (anterior) IPL (Mengotti et al.

2013; Nelissen et al. 2010). Based on the current findings,

one might argue that BA 44 is involved in supra-modal

semantic processing (common to both language and praxis)

and thereby acts as the interaction site between language

and (meaningful) action, while other areas (e.g., for lan-

guage: BA 45; for praxis: IPL) are involved in modality-

specific semantic processing.

In contrast to previous studies in chronic LH stroke

patients (Dovern et al. 2011; Goldenberg and Karnath

2006; Mengotti et al. 2013), imitation deficits were not

strongly associated with parietal lesions in the current

study of sub-acute LH stroke patients. It is unlikely that

this discrepancy results from differences in sample size,

since the current sample size (n = 50) was well compa-

rable to that of previous studies on imitation deficits (Do-

vern et al. 2011: n = 48; Goldenberg and Karnath 2006:

n = 44; Mengotti et al. 2013: n = 57) or other apraxic

deficits in LH stroke (Goldenberg et al. 2007; Goldenberg

and Spatt 2009; Kalénine et al. 2010; Randerath et al.

2010). Rather, the different times post stroke are likely to

have contributed to this apparent discrepancy. As men-

tioned before, our study constitutes the first investigating

the interaction between language and (meaningful) action

in the early sub-acute, rather than the chronic phase of LH

stroke. In the current clinically representative sample of

sub-acute LH stroke patients, the highest lesion overlap

was observed in core regions of the MCA territory, while

(anterior) frontal and parietal regions were affected to a

lesser degree (Fig. 1). On the other hand, samples of

chronic LH stroke patients usually show a greater

involvement of parietal cortex (Dovern et al. 2011; Gold-

enberg and Spatt 2009; Kalénine et al. 2010; Randerath
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et al. 2010)—most likely caused by the fact that studies in

chronic patients (often realized in the rehabilitation setting)

tend to enroll those patients who still suffer from (cogni-

tive) deficits in their chronic phase of stroke due to lesions

in the anterior and posterior association areas. Unfortu-

nately, some studies in chronic LH stroke patients do not

provide a lesion overlay plot of all enrolled patients

(Mengotti et al. 2013). It should be noted that the main

finding of our study (i.e., that language and (meaningful)

action interact in the opercular part of left IFG) cannot

solely be explained by the lesion distribution of the current

sample of sub-acute LH stroke patients, since anterior (e.g.,

IFG) and posterior (e.g., STG) peri-sylvian brain regions

were affected to a similar degree. Furthermore, the here

reported sub-region of Brodmann area 44 which acts as an

interface between language and (meaningful) action (yel-

low region in Fig. 2) is located outside the maximal lesion

overlap (i.e., the brain regions lesioned in more than 10

stroke patients, see yellow, red and purple areas in Fig. 1).

Finally, due to the underlying statistical procedures, VLSM

is relatively insensitive to the confounding effects of lesion

distribution (Bates et al. 2003; Kimberg et al. 2007).

The present study constitutes a new approach in study-

ing brain lesion-behavior relationships. Instead of focusing

on one cognitive deficit at a time, the concurrent investi-

gation of two cognitive functions (here: mutually repre-

sented in the same hemisphere) offers a new perspective on

structure–function relationships in the human brain (Wil-

lems and Hagoort 2009). As a consequence of this and in

view of the current sample of sub-acute LH stroke patients,

the duration of the neuropsychological testing had to be

adjusted. Therefore, the current (bed-side) testing of the

two cognitive functions (language, praxis) involved fewer

items than traditional tests tapping one cognitive domain

only. Nevertheless, the seven neuropsychological tasks

covered many aspects of language and praxis in a com-

prehensive and valid way. Moreover, despite the relatively

low number of items in each task, we were able to find

significant lesion-behavior relationships (FWE Bonferroni-

corrected for the number of unique lesion patterns) for all

seven (praxis and language) tasks (see Figs. 3, 4) which

correspond well with previous findings (Fridriksson et al.

2014; Goldenberg et al. 2007; Tessari et al. 2007). Thus,

data suggest that we were able to overcome this putative

limitation [most likely as a result of the statistical power

due to our sample size (n = 50) and the lesion mapping

method employed (VLSM)]. Furthermore, this short, but

comprehensive neuropsychological assessment allowed

investigating—for the first time—the neural correlates of

aphasic and apraxic deficits in the sub-acute stroke patients

who often exhibit a markedly reduced resilience (Kaesberg

et al. 2013a).

The concurrent analysis of language and praxis func-

tions in a large sample of sub-acute LH stroke patients

revealed (in addition to confirming the known domain-

specific lesion sites) that lesions of the left IFG, in par-

ticular of the connectivity-based anterior-ventral sub-area

of BA 44, lead to combined apraxic and aphasic deficits. In

addition to their clinical implications, our findings thereby

point to an organizational principle by which the human

brain represents multiple cognitive functions within a

hemisphere and underline the functional relevance of cor-

tical parcellation schemes based on functional connectivity

and receptor mapping (Weiss et al. 2013).
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Kühn S, Brass M, Gallinat J (2013) Imitation and speech: common-

alities within Broca’s area. Brain Struct Funct 218:1419–1427

Kümmerer D, Hartwigsen G, Kellmeyer P, Glauche V, Mader I,
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