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ABSTRACT
Background: The motor-cognitive syndrome apraxia is a common stroke sequela and severely affects the outcome after stroke 
by impairing activities of daily living. Notably, like in many health conditions, there is a massive backlog regarding studies on sex 
differences in patients with apraxia despite common knowledge that sex influences praxis performance in healthy participants. 
We investigated putative sex differences in apraxic stroke patients at the behavioral and neural levels.
Methods: We retrospectively analysed the data of a cohort of 102 left-hemisphere stroke patients in the (sub)acute phase who 
were apraxic according to the Cologne Apraxia Screening (KAS). We conducted voxel-based lesion–symptom mapping (VLSM) 
to elucidate the lesion patterns. Further, in an age-matched subsample (tolerance of 5 years) with equal numbers of men and 
women, behavioral comparisons and a VLSM analysis were conducted to explore differential sex-related lesion patterns.
Results: Overall, apraxic deficits were associated with lesions in the parietal, temporal, and frontal regions in the cohort of 
102 left-hemisphere stroke patients. The age-matched cohort consisted of 30 women and 30 men and showed no significant dif-
ferences in demographic and clinical characteristics. There were no performance differences between men and women at the 
behavioral level regarding praxis functions. In contrast, VLSM revealed differential lesion patterns by sex. Male compared to 
female apraxic stroke patients significantly more often showed lesions that affected the left inferior frontal gyrus.
Conclusion: The data suggest a differential organization of the praxis system in men and women, warranting further exploration.

1   |   Introduction

Apraxia is a motor-cognitive disorder leading to impaired perfor-
mance of skilled or purposeful movements frequently observed 
after left-hemisphere (LH) stroke. Apraxic deficits cannot be 
solely explained by basal sensorimotor, aphasic, or other cogni-
tive stroke-related deficits and affect both limbs. Apraxia man-
ifests through heterogeneous impairments, including gesture 
imitation, pantomime of object use, and actual object use [1].

The individual burden of a stroke is modulated by nonmodifi-
able and modifiable factors. For instance, it has been shown that 
older females have a greater prevalence of and worse outcomes 
after ischemic stroke than males and younger females [2, 3]. 
Notably, age, sex, and education significantly impacted the per-
formance in neuropsychological assessments [4]. For example, 
lower education levels and higher age significantly reduced ges-
ture production skills in healthy elderly subjects [5]. Thus, bio-
logical (e.g., sex, age, and ethnic group) and sociodemographic 
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(e.g., gender identity, education, and lifestyle) factors should 
receive more attention in studies. We report sex differences re-
garding the biological sex as assigned at birth, using a simplified 
binary variable termed as males/females and men/women. Sex 
differences have been described in neurodegenerative and neu-
ropsychiatric diseases [3, 6] and various domains of cognitive 
neuroscience, such as the “stereotype” of a male advantage in 
spatial abilities and mental rotation tasks  [7, 8], and a female 
advantage in verbal skills [9, 10], body language processing 
and social cognition [11]. Furthermore, sex modulated task-
dependent motor performance, such as a male advantage in 
targeted motor skills [12], and in maximum finger-tapping fre-
quency, and strength [13]. Moreover, men performed better in 
gross motor tasks, while females outperformed men in dexter-
ous tasks [14]. However, some of the reported sex differences are 
not undisputed [15–17] considering that some of the so-called 
“sex-specific” differences may result from group differences that 
confound task-related results, for instance, by physical differ-
ences and psychosocial factors such as gender identity, sexual 
orientation, as well as experience and training leading to cul-
turally framed “gender stereotypes” [17, 18]. Additionally, in pa-
tient studies, many further factors, for example, etiologies and 
comorbidities, may differ between men and women and possibly 
contribute to sex differences in task performance.

More recently, sex differences at the neurobiological level that 
could account for the behavioral differences were observed. 
Differences in cortical thickness in specific brain regions of men 
versus women were related to a female advantage in verbal mem-
ory and a male advantage in visuospatial memory [19]. Also, sex 
differences in brain network connectivity were revealed during 
mental rotation performance [20].

So far, only few studies have assessed the effects of sex on 
praxis. Girls performed better in gesture imitation than boys 
at preschool [21]. In adulthood, women conducted a serial 
production task of learned gestures significantly better than 
men [22], and women were faster in repeating a sequence of 
movements [23]. The female advantage in gesture imitation 
was still found in elderly community-dwelling people and 
patients with mild cognitive impairment or dementia [24]. 
In contrast, another study investigating gesture production 
in healthy elderly participants found no sex differences [5]. 
When pantomimed reach-to-grasp actions were compared 
to actual object grasping, men and women showed no rele-
vant kinematic differences between pantomimed and actual 
grasping. However, with visual feedback, the performance of 
the pantomimed grasp assimilated to the actual object grasp 
kinematics in men but not in women, showing a sex-related 
difference in the presence of visual feedback [25]. Observing 
gestures toward the body (compared to away from the body) 
led to a greater pupil dilation in females than in males, which 
was interpreted as women being more attuned and responsive 
to social cues [26].

The wealth of studies investigating apraxia contrasts with the 
dearth of studies examining sex differences in patients with 
apraxia. In an early study, Kimura observed potential sex dif-
ferences in language and praxis deficits after stroke or tumor, 
suggesting that language and praxis functions may be organized 
differently in the brains of men and women [27].

Accordingly, we aimed to systematically investigate sex dif-
ferences in apraxia and the underlying lesion correlates in LH 
stroke patients. We analysed a sample of 102 patients with LH 
ischemic stroke suffering from apraxia according to the Cologne 
Apraxia Screening (KAS). To investigate sex differences, we 
conducted a case–control matching for the factor age to mini-
mize the potentially confounding effect of age on stroke severity 
and praxis performance [5, 28]. In the resulting age-matched 
sample of 60 apraxic LH stroke patients, we compared apraxic 
deficits on a behavioral level. We performed voxel-based lesion–
symptom mapping (VLSM) to unravel potential differential 
lesion patterns associated with apraxia in male and female LH 
stroke patients.

2   |   Material and Methods

2.1   |   Patient Sample

We retrospectively analysed behavioral and lesion data in 102 
patients after their first unilateral, ischemic LH stroke suffer-
ing from apraxia according to the KAS [29]. The sample was 
extracted from the cohort of Kleineberg and colleagues [30] con-
sisting of 194 stroke patients. The remaining 92 patients in that 
study did not suffer from apraxia. For all 102 patients, apraxia 
assessments and a lesion map suitable for statistical lesion anal-
ysis were available. All included patients had given written in-
formed consent during their participation in the original studies 
that all their data may be used for further analyses and studies, 
like the current retrospective study. This procedure was ap-
proved by the Ethics committee of the Medical Faculty of the 
University of Cologne.

All patients were right-handed according to the Edinburgh 
Handedness Inventory [31] and tested in the (sub)acute phase 
(i.e., within 3 months) after stroke.

2.2   |   Neuropsychological Assessment

Apraxic deficits were assessed by the KAS [29], a validated 
and standardized apraxia assessment comprising four sub-
tests: two on pantomime of object use and two on gesture 
imitation. In the pantomime tests, the patients are shown 
pictures of objects and asked to demonstrate the typical use 
with their left (ipsilesional) arm/hand. The first pantomime 
test includes bucco-facial movements, while the second part 
draws upon the upper limb as the only effector. In the imita-
tion tasks, photographs of a woman performing gestures are 
shown, and the patients are asked to replicate the gesture. One 
imitation subtest consists of bucco-facial gestures, that is, the 
face/mouth as effector, and the other of arm/hand gestures. In 
all subtests, a maximum of four points per item/gesture can be 
reached. The total sum score of the KAS is 80 points, with a 
cut-off value for apraxia of ≤ 76 points.

Aphasia was assessed using the short version of the aphasia 
checklist (ACL-K) [32], which consists of a reading-aloud task, a 
verbal speech comprehension task, a word generation task, and 
a rating of the verbal fluency by the examiner. A score less than 
33 points indicates aphasia.
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2.3   |   Statistical Analyses of the Descriptive 
and Behavioral Data

Data analyses were performed using IBM SPSS Statistics 
(Statistical Package for the Social Sciences, version 24, SPSS 
Inc. Chicago Illinois, USA). To compare sex differences in ap-
raxic deficits in the 102 apraxic stroke patients that comprised 
33 women and 69 men, we performed a case–control matching 
for age using sex as the group indicator. We matched with a tol-
erance of 5 years, leaving three cases without a match, resulting 
in an age-matched cohort of 60 patients (30 women, 30 men). We 
investigated differences between men and women in descrip-
tive, clinical, and neuropsychological data by Mann–Whitney 
U test. To compare the stroke territories, we manually screened 
the lesion maps of all patients and identified the main territory 
of stroke. We extracted the number of lesioned voxels with the 
MRIcron software package (https://​www.​nitrc.​org/​proje​cts/​
mricron).

In the age-matched cohort, we conducted a repeated measures 
ANOVA with the within-subject factors DOMAIN (pantomime 
vs. imitation) and EFFECTOR (bucco-facial vs. arm/hand) 
using SEX as a between-subject factor.

For further interpretation of the sex-specific analyses in 
LH stroke patients, we analysed the KAS performance in a 
healthy control group and generated z-transformed KAS 
scores of the stroke patients based on the KAS performance 
of the age- and sex-matched healthy control participants (see 
Suppl. Section A).

2.4   |   Lesion Delineation and Analyses 
of Lesion Data

Lesion mapping was conducted manually using the patients' 
clinical MRI (n = 70) or CT (n = 32) scans. The lesions were de-
lineated in an axial slice distance of 5 mm in MNI space of a 
T1-weighted template MRI scan (ch2.nii) from the Montreal 
Neurological Institute (MNI) with a 1 mm x 1 mm resolution 
that best matched the individual slices of each patient's scan. 
Two experienced investigators, blind to the clinical data, had to 
agree on the lesion locations and extent jointly.

VLSM analyses were conducted using the nonparametric map-
ping (NPM) program distributed with MRIcron. First, we con-
ducted a VLSM analysis with all patients (n = 102) to identify 
the associated lesion patterns for the patients' apraxic deficits 
at the voxel level [33, 34]. Voxel-wise t-tests were calculated 
to compare the continuous behavioral scores (KAS score) of 
the patients with and without a lesion in each voxel. Only vox-
els lesioned in at least 10% of the patients were considered. 
Voxels were considered significant at a statistical threshold of 
p < 0.05, corrected for multiple comparisons with the false dis-
covery rate (FDR).

Second, we investigated potential sex differences in lesion 
patterns associated with apraxia in the age-matched cohort. 
We applied the voxel-wise Liebermeister Test for the binary 
variable sex [34], with an FDR-corrected threshold of p < 0.05. 
For all VLSM results, clusters with the respective peak voxel's 

Z-values were extracted using MRIcron. The automated ana-
tomical labeling (AAL) atlas determined the clusters' anatom-
ical location. All significant lesioned voxels are shown in the 
figures, but only clusters with at least 20 voxels are reported 
and further interpreted, similar to Schmidt and colleagues 
[35]. As exploratory analyses, we investigated the interrelation 
of damage to the lesion sites revealed by the VLSM of male 
versus female stroke patients with apraxic deficits (see Suppl. 
Section B).

3   |   Results

3.1   |   Clinical and Behavioral Data

The initial cohort of 102 apraxic patients after LH stroke con-
sisted of 69 men and 33 women with a mean (±SD) age of 
65.7 ± 13.1 years. They were assessed at 22.8 ± 17.8 days post-
stroke. According to the inclusion criteria, all patients were ap-
raxic based on the KAS with a mean score of 60.9 ± 15.1 points. 
Of the 102 LH stroke patients, 86 were aphasic as assessed with 
the ACL-K (mean score 19.6 ± 11.6 points).

Table  1 provides descriptive data for the age-matched cohort. 
Notably, there were no significant differences between male 
and female patients in demographic and clinical characteristics, 
time post-stroke, stroke territory, lesion size, aphasia severity, 
and education level.

The 2 × 2 rm-ANOVA on the KAS scores with the within-subject 
factors DOMAIN (pantomime vs. imitation) and EFFECTOR 
(bucco-facial vs. arm/hand) and between-subject factor SEX re-
vealed no significant main effect of SEX [F(1,58) = 0.50, p = 0.482]. 
Furthermore, the two-way interactions DOMAIN × SEX 
[F(1,58) = 0.82, p = 0.370] and EFFECTOR × SEX [F(1,58) = 0.03, 
p = 0.867] and the three-way interaction of DOMAIN x 
EFFECTOR × SEX [F(1,58) = 0.55, p = 0.455] were not significant. 
The scores for the domains and effectors of the KAS are shown 
in Table 2.

Summing up, at the behavioral level, there were no statistically 
significant sex differences regarding the investigated apraxic 
deficits in the age-matched apraxic LH stroke patients.

Note that also the z-transformed KAS scores showed no signif-
icant differences in apraxic deficits between female and male 
stroke patients with apraxia (see Table S2).

3.2   |   Lesion Correlates of Apraxia and Differential 
Sex-related Lesion Patterns

The lesion overlaps of the initial cohort of LH stroke patients 
with apraxia and the age-matched subsample revealed very 
similar lesion distributions, with the main overlap in the insu-
lar region, rolandic operculum, superior temporal gyrus (STG), 
postcentral gyrus, supramarginal gyrus (SMG), and inferior 
frontal gyrus (IFG, see Figure 1).

For the cohort of 102 LH stroke patients, VSLM revealed the lesion 
correlates associated with apraxia (Figure 2A). Please see Table 3 
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TABLE 1    |    Demographic and clinical data of the age-matched left-hemisphere stroke cohort with apraxia, and of the female and male patients.

Age-matched 
cohort N = 60 Women N = 30 Men N = 30 p

Demographic and clinical data

Age (years) 68.2 ± 13.5,
72 [25], 43–87

67.8 ± 13.7,
73 [44], 43–87

68.6 ± 13.6,
71 [24], 44–87

0.662

Laterality quotient N = 53
92.0 ± 13.1,

100 [14.1], 40–100

N = 29
90.2 ± 15.5,

100 [20], 40–100

N = 24
94.3 ± 9.0,

100 [11], 70–100

0.406

Education (years) N = 43
13.1 ± 2.7,

13 [0], 8–21

N = 23
12.5 ± 2.4,

13 [3], 8–18

N = 20
13.9 ± 3.0,

13 [2], 8–21

0.083

Time post-stroke (days) 20.6 ± 16.6
16.5 [25], 1–76

21.5 ± 16.9
21.4 [26], 2–76

19.7 ± 16.6
14.5 [26], 1–63

0.723

Scan used for lesion mapping
MRI
CT

42 (70.0%)
18 (30.0%)

22 (73.3%)
8 (27.7%)

20 (66.7%)
10 (33.3%)

0.573

Main stroke territory
MCA
PCA
ACA

49 (81.7%)
9 (15.0%)
2 (3.3%)

24 (80.0%)
6 (20.0%)
0 (0.0%)

25 (83.3%)
3 (10.0%)
2 (6.7%)

0.221

MCA territory involved 53 (88.3%) 26 (86.7%) 27 (90.0%) 0.688

PCA territory involved 15 (25.0%) 9 (30.0%) 6 (20.0%) 0.371

ACA territory involved 3 (5.0%) 1 (3.3%) 2 (6.7%) 1.0

Lesion size
(number of voxels lesioned)

8620 ± 12329,
4329 [8716],
30–60565

8291 ± 12195,
4197 [8700],

30–60565

8949 ± 12662,
4329 [9660],
299–46900

0.976

Patients with aphasia (by ACL-K) 48 (81.4%) 25 (83.3%) 23 (79.3%) 0.692

ACL-K Sum score N = 59
21.6 ± 11.1,

24.5 [19.5], 1.5–38

N = 30
23.1 ± 9.5,

25 [15.4], 3.5–38

N = 29
20.0 ± 12.6,

22 [22], 1.5–38

0.387

Note: Values are shown as mean ± SD (standard deviation), median [interquartile range], min–max. p values are derived from the Mann–Whitney U test, chi-square 
test, or Fisher's exact test.
Abbreviations: ACL-K, short version of the aphasia-check list; ACA, anterior cerebral artery; MCA, middle cerebral artery; PCA, posterior cerebral artery.

TABLE 2    |    Results of the apraxia assessments in the age-matched left-hemisphere stroke cohort, and in the female and male patients.

Age-matched 
cohort N = 60 Women N = 30 Men N = 30 p

KAS total sum 60.1 ± 17.1,
65 [65], 0–76

61.7 ± 15.3,
66 [14], 8–76

58.5 ± 18.8,
62 [19], 0–76

0.549

KAS pantomime subtests 30.2 ± 10.2,
34 [11.8], 0–40

30.5 ± 9.9,
34 [8], 0–40

29.9 ± 10.6,
32 [14.5], 0–40

0.988

KAS imitation subtests 29.9 ± 8.7,
33 [10], 0–40

31.1 ± 7.4,
34 [8], 8–40

28.6 ± 9.8,
32 [10], 0–40

0.304

KAS bucco-facial subtests 32.8 ± 8.9,
36 [7.5], 0–40

33.5 ± 7.5,
36 [6.5], 4–40

32.1 ± 10.2,
35.5 [10], 0–40

0.853

KAS arm/hand subtests 27.3 ± 9.7,
29.5 [14], 0–40

28.2 ± 9.4,
32 [12.5], 4–40

26.4 ± 10.2,
27.5 [16.3], 0–40

0.448

Note: Values are shown as mean ± SD (standard deviation), median [interquartile range], min–max. p values are calculated by Mann–Whitney U tests.
Abbreviation: KAS, Cologne Apraxia Screening.
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for the corresponding MNI coordinates of the peak voxels of the 
clusters and the respective (maximum) Z-values according to the 
association strength. The IPL (including the SMG) showed the 
strongest lesion association with poorer performance in the KAS.

Since there were no significant sex differences in apraxic defi-
cits at the behavioral level, we conducted a VLSM analysis com-
paring lesions of male versus female apraxic LH stroke patients. 
Interestingly, the IFG was significantly more affected in male 
than in female apraxic patients (Figure  2B and Table  4). No 
significant lesion correlates were found for the opposite com-
parison, that is, when apraxic female LH stroke patients were 
compared to males. Overlaying these sex-specific clusters of 
male versus female apraxic stroke patients with the lesion clus-
ters that were associated with a poorer KAS score in the stem 
cohort of 102 LH stroke patients revealed that the main lesion 
correlates of male LH stroke patients with apraxia in the IFG 
were located within the lesion network accounting for apraxic 
deficits (see overlay, yellow regions in Figure 2C).

For results of the exploratory analyses between the LH apraxic 
stroke patients, whose lesions also comprised the differential 
sex-specific lesion sites, versus those who did not, and the sig-
nificant effect on the KAS score, see Suppl. Section B.

4   |   Discussion

Data revealed no significant differences regarding apraxic deficits 
between men and women at the behavioral level. However, male 

LH stroke patients with apraxia (relative to females) showed dif-
ferential lesion correlates in the left IFG that were mainly located 
within the known praxis network of the left hemisphere.

Notably, these differential lesion correlates could not be ex-
plained by differences at the behavioral level but instead 
represented sex differences in the lesion patterns underlying 
apraxic deficits in LH stroke patients. The relevance of these 
lesion sites for praxis performance was reflected by a signif-
icant decrease in the KAS score in the patients with lesions 
encompassing the sex-specific lesion sites for apraxia. This de-
crease was even more pronounced in male apraxic stroke pa-
tients. This exploratory analysis (reported in Suppl. Section B) 
corroborated our findings of sex-related differential lesion 
patterns and their influence on apraxic deficits.

4.1   |   Lesions Associated With Apraxia

Confirming previous findings, the current apraxia-related lesion 
correlates, as revealed by VLSM in the 102 apraxic LH stroke 
patients, comprised the known left-lateralized praxis networks, 
involving the parietal, temporal, and frontal regions [36]. In this 
network, the inferior parietal lobe (IPL) represents a key hub, 
recently again confirmed in a large anatomical likelihood esti-
mation meta-analysis of lesion–symptom mapping studies [37]. 
In our data, the IPL's importance in apraxia is reflected in its 
Z-value, which holds the highest association strength with poor 
KAS performance. Besides the parietal lesions, all other lesion 
correlates associated with apraxic deficits in our VLSM analysis 

FIGURE 1    |    Lesion overlaps. (A) Adjusted lesion overlap of the 102 patients with apraxia after left-hemisphere stroke. Only voxels lesioned in at 
least 10% of the patients are shown. (B) Nonadjusted lesion overlap of the age-matched cohort with equal sex distribution (30 women, 30 men). Color 
shades represent the increasing number of overlapping lesions. Axial slices with MNI z-coordinates from -17 to +63 are shown.
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replicated findings of previous studies, such as the involvement 
of the middle temporal gyrus, STG, insular region, precentral 
areas, and the IFG [38–40]. Thus, our cohort of 102 apraxic LH 
stroke patients, serving as a stem cohort for the sex-related in-
vestigations, showed a typical lesion pattern associated with 
apraxia.

4.2   |   Apraxic Deficits of Female and Male 
Left-hemisphere Stroke Patients

There were no significant sex differences in apraxic deficits at 
the behavioral level. Healthy control data supported these re-
sults (see Suppl. Section A). Thus, previously reported advan-
tages of (healthy) women in gesture imitation and production 
[21, 22, 24] were not evident in the KAS scores of a healthy con-
trol group nor the apraxic stroke patients. This finding aligns 
with previous studies that did not observe sex-related differ-
ences in gesture production in healthy elderly subjects [5].

4.3   |   Differential Lesion Correlates in Apraxic 
Men and Women

As there was no difference in apraxic deficits at the behavioral 
level, we could directly compare the lesion patterns between 

apraxic men and women with LH stroke. Apraxic men, relative 
to women, showed a differential involvement of lesions in the 
left IFG.

To allow such inference, it was essential to consider and rule out 
the following potential confounding factors. Since women are 
known to suffer from more severe strokes with worse prognosis, 
attributed to older age [28], and since motor and praxis perfor-
mances decline with age [5, 13], age-matching was important to 
investigate sex differences in apraxic deficits.

Furthermore, group comparisons ruled out a relevant differ-
ence in stroke size and main stroke territory between men and 
women. Of note is that the here reported VLSM results were 
obtained without correction for lesion size. When regressing 
out lesion size in the VLSM analysis on sex differences, no 
statistically significant clusters remained after correction for 
multiple comparisons. However, uncorrected, similar lesion 
patterns to the here reported ones evolved, pointing to the ef-
fects of reduced power [41]. Aside from that, a generally higher 
lesion load in the IFG in men compared to women was not ex-
pected based on clinical data on main lesion sites after stroke. 
Frontal areas are more often affected in women after an in-
farction in the territory of the middle cerebral artery (MCA). 
In contrast, men exhibit significantly more often stroke le-
sions in parieto-temporal areas after MCA stroke [42]. Thus, 

FIGURE 2    |    Results of the statistical lesion analyses. (A) Results of the VLSM analysis: Lesion correlates are shown that were significantly associ-
ated with poorer performance in the Cologne Apraxia Screening (KAS), that is, with more severe apraxic deficits in the sample of 102 apraxic patients 
after left-hemisphere stroke. Only voxels lesioned in at least 10% of the patients were included in the VLSM analysis. Voxels are thresholded at p < 0.05 
(FDR-corrected, t-test). (B) Lesion correlates of male versus female apraxic stroke patients in the age-matched cohort with equal sex distribution. All 
voxels were included in this analysis, and voxels are thresholded at p < 0.05 (FDR-corrected, Liebermeister test). (C) Overlap of the specific lesion 
correlates for men versus women with apraxia (2B, here in red) with the lesion correlates associated with apraxic deficits (2A, here in green) in the 102 
LH stroke patients. The overlap is shown in yellow. Axial slices with MNI z-coordinates from −17 to +58 are shown.
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the differential lesion pattern in the IFG of male compared 
to female apraxic LH stroke patients cannot be explained by 
unspecific sex-related differences in the distribution of stroke 

lesions. In turn, they rather represent specific sex differences 
in the lesion patterns underlying apraxic deficits, suggesting 
a differential organization of the praxis system between men 
and women.

A differential organization of the praxis system was first sug-
gested more than 40 years ago [27]. This early study reported 
descriptively a lower mean score for “manual praxis” in female 
compared to male patients suffering from stroke or tumors. The 
authors found a tendency that “manual apraxia” in women com-
pared to men occurred more often from damage to the anterior 
part of the LH than from posterior LH damage (divided by the 
Rolandic fissure). However, this finding was based on qualita-
tive lesion descriptions without statistical lesion–symptom map-
ping, limiting the interpretation and generalizability of their 
findings.

The current study adopting statistical lesion–symptom mapping 
revealed a sex-specific lesion correlate for apraxia in the left IFG 
of male stroke patients. As part of the praxis network, lesions to 
the left IFG were shown to be specifically associated with pan-
tomime [38, 43] and gesture imitation deficits in mixed samples 
of female and male LH stroke patients [40, 44, 45].

Our data suggest that men who suffer from a lesion to the left 
IFG exhibit apraxic deficits rather than women. This difference 
could point to a more distributed organization of the praxis sys-
tem in women with a potentially more bilateral representation 
of IFG-related praxis functions. Such a distributed praxis system 
would enable women to better compensate for unilateral lesions 
to the critical nodes of the LH praxis networks (e.g., left IFG). 
Of note, a more distributed praxis system in women could also 
explain why the current VLSM analysis did not reveal specific 
lesion correlates of apraxic deficits in female LH stroke patients 
with apraxia when compared to males. The notion of a more dis-
tributed organization of cognitive functions in women is sup-
ported by functional imaging studies revealing sex differences 
in the lateralization of language networks [46], with stronger 
bilateral processing in women than in men [47, 48].

Besides cortical lesions, subcortical strokes can  cause apraxic 
deficits [49]. To date, only a few studies have investigated struc-
tural dysconnectivity in apraxia, applying different methods and 
tasks [50–53]. The approach of disconnectome lesion–symptom 
mapping is promising for understanding the effect of subcortical 
lesions and white matter disconnection on apraxic deficits. The 
current findings on sex-specific cortical lesion sites in apraxic pa-
tients with left-hemisphere stroke hopefully trigger future studies 
to investigate sex-related effects on dysconnectivity in apraxia.

4.4   |   Limitations

Even though there were no significant differences in the KAS 
scores reflecting apraxic deficits, we cannot rule out subtle dif-
ferences in the praxis performance between men and women 
that are not reflected in the scoring scheme.

As we only included patients with unilateral LH stroke, we cannot 
make any inferences on sex-related differences in the praxis net-
works of the right hemisphere. The data reported here stem from 

TABLE 3    |    Lesion correlates associated with the apraxia score of 
the KAS (Cologne Apraxia Screening) in the entire cohort (n = 102, as 
assessed with VLSM).

Brain region
Maximum 

Z-value

Peak MNI 
coordinates 

x, y, z

Cluster 
size 

(voxels)

Inferior parietal 
lobe (IPL)

5.95 −45, −30, +43 1725

Supramarginal 
gyrus (SMG)

5.62 −56, −27, +38 1918

Angular gyrus 
(AG)

3.78 −40, −66, +43 88

Superior 
temporal gyrus 
(STG)

4.51 −59, −11, +13 2925

Middle 
temporal gyrus 
(MTG)

5.32 −64, −45, −2 2696

Middle frontal 
gyrus

4.13 −53, +15, +38 537

Inferior frontal 
gyrus (IFG)

2.76 −61, +14, +13 93

Rolandic 
operculum

5.25 −44, −30, +23 3191

Insula 3.71 −38, +16, −12 270

Precentral 
gyrus

4.26 −62, +9, +33 589

Note: For each brain region (minimum cluster size of 20 voxels), the maximum 
Z-value and the MNI coordinates of the corresponding peak voxel are reported. 
All lesion correlates are significant at p < 0.05, FDR corrected.

TABLE 4    |    Differential lesion correlates of male versus female left-
hemisphere stroke patients with apraxia in the age-matched cohort 
(n = 60, as assessed with VLSM).

Brain 
region

Maximum 
Z-value

Peak MNI 
coordinates 

x, y, z

Cluster 
size 

(voxels)

IFG, pars 
opercularis

2.83 −62, +17, +18 352

IFG, pars 
orbitalis

1.94 −32, +29, −12 59

IFG, pars 
triangularis

2.26 −56, +28, +23 34

Postcentral 
gyrus

2.26 −35, −36, +53 42

Note: For each brain region (minimum cluster size of 20 voxels), the maximum 
Z-value and the MNI coordinates of the corresponding peak voxel are reported. 
All lesion correlates are significant at p < 0.05, FDR corrected.
Abbreviation: IFG, inferior frontal gyrus.
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patients in the (sub)acute phase after stroke. Notably, regarding 
the longitudinal course, lesion sites associated with (persisting) 
apraxia in the chronic phase differ from those in the acute phase 
[54]. Individual recovery after stroke is influenced by numerous 
factors that may diverge between men and women and could mod-
ulate sex differences during rehabilitation and at the chronic stage 
of stroke.

While we controlled for many potential confounding factors, for 
example, age, handedness, aphasia severity, lesion location and 
size, stroke etiology, and time post-stroke, some methodological 
caveats remain, such as the lack of information regarding socio-
economic status and ethnicity, and missing data on the education 
levels for one-third of the patients, which may limit the general-
izability of our results [55]. Notably, in the available patient data, 
there was no significant difference in education level between 
men and women. Furthermore, considering sex as a binary bio-
logical variable (as assigned at birth, indicating the gamete type) 
does not do justice to the complexity of sex variability [56]. For 
propositions on how to address and measure sex to advance fu-
ture research in this field, please see [56] and note the ALBA 
guidelines for designing inclusive forms for gender and sexual 
diversity (https://​www.​alba.​netwo​rk/​GSDin​clusi​veforms).

5   |   Conclusion

Our findings that apraxic deficits after LH stroke did not dif-
fer between men and women at the behavioral level but at the 
neural level, with a differential involvement of the left IFG in 
male compared to female LH stroke patients with apraxia, sug-
gest a differential organization of the praxis network in men and 
women. Further studies on sex-related differences in the praxis 
system are warranted to confirm and extend these findings.
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