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Recovery from apraxic deficits

Abstract
Background and Objective: Apraxia is a deficit of motor cognition leading to difficulties in
actual tool use, imitation of gestures, and pantomiming object use. To date, little data exist
regarding the recovery from apraxic deficits after stroke, and no statistical lesion mapping
study investigated the neural correlate of recovery from apraxia. Accordingly, we here
examined recovery from apraxic deficits, differential associations of apraxia task (imitation
vs. pantomime) and effector (bucco-facial vs. limb apraxia) with recovery, and the underlying
neural correlates.
Methods: We assessed apraxia in 39 patients with left hemisphere (LH) stroke both at
admission and approximately 11 days later. Furthermore, we collected clinical imaging data
to identify brain regions associated with recovery from apraxic deficits using voxel-based
lesion-symptom mapping (VLSM).
Results: Between the two assessments, a significant recovery from apraxic deficits was
observed with a tendency of enhanced recovery of limb compared to bucco-facial apraxia.
VLSM analyses revealed that within the lesion pattern initially associated with apraxia,
lesions of the left insula were associated with remission of apraxic deficits, whereas lesions to
the (inferior) parietal lobe (IPL; supramarginal and angular gyrus) and the superior
longitudinal fasciculus (SLF) were associated with persistent apraxic deficits.
Conclusion: Data suggest that lesions affecting the core regions (and white matter) of the
fronto-parietal praxis network cause more persistent apraxic deficits than lesions affecting
other regions (here: the left insula) that also contribute to motor cognition and apraxic

deficits.
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1. Introduction

The term apraxia refers to the inability to perform purposeful movements leading to
difficulties in tool use, imitation of gestures, and pantomiming object use. Apraxia is a
common consequence of left hemispheric (LH) stroke and is a deficit of motor cognition that
cannot be explained solely by primary sensory or motor deficits, disturbed communication, or
lack of motivation. Apraxia can manifest itself with the upper limbs, i.e., limb apraxia, or the
face and mouth, i.e., bucco-facial apraxia. Several studies provide evidence for the clinical
relevance of apraxia and its massive impact on care-giver dependency after discharge from
the hospital or rehabilitation center (Dovern, Fink, & Weiss, 2012).

Despite the importance of apraxia for the individual’s prognosis concerning
rehabilitation, the principles and course of recovery from apraxia are far from being
understood. Investigating the recovery from limb and oral apraxia in 26 LH stroke patients,
Basso, Capitani, Della Sala, Laiacona, and Spinnler (1987) demonstrated a significant
improvement in imitating gestures over a time course of eight months. A follow-up study
conducted by the same group revealed no significant additional recovery in the following 1.5
years, highlighting the importance of the first few months post-stroke for the recovery from
limb apraxia (Basso, Burgio, Paulin, & Prandoni, 2000). On the other hand, Mimura,
Fitzpatrick, and Albert (1996) provided evidence for long-term recovery from limb and
bucco-facial apraxia in 15 LH stroke patients assessed around 4.5 months and 81.6 months
post-stroke. In contrast, the group of 108 LH stroke patients examined by Donkervoort,
Dekker, and Deelman (2006) showed only little improvement of limb apraxia after eight and
20 weeks. Finally, 48% of the initially apraxic patients studied by Bickerton et al. (2012) had
recovered at the follow-up after nine months (i.e., showed no further sign of deficits across
all praxis tasks). Taken together, current evidence regarding the course of the recovery from

apraxic deficits is far from being conclusive.
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Investigating the different apraxia tasks (i.e., imitation, pantomime, object use) in
acute to subacute and chronic stroke patients, Stamenova, Black, and Roy (2011) showed that
recovery could be detected in all tasks, albeit with a diverging recovery rate of acute to
subacute versus chronic patients with respect to pantomiming: for deficits in pantomiming
limb gestures, acute to subacute patients showed a faster recovery compared to chronic
patients. Although the apraxic deficits were differentiated by different apraxia tasks, no direct
comparison of the recovery courses for object use, imitation, and pantomime deficits was
performed.

Thus, the studies mentioned above lack information on possible diverging recovery
courses for the different critical characteristics of apraxia, as assessed by different apraxia
tasks (i.e., imitation, pantomime, and object use), and for the different effectors affected by
apraxia (i.e., limb and bucco-facial apraxia). Furthermore, most of the studies focused on the
chronic stage of apraxia (> 3 months), although Basso et al. (2000) already drew attention to
the importance of the early phase of rehabilitation for recovery from apraxia.

The current lack of knowledge regarding the course of recovery from apraxia is
complemented by the dearth of data regarding the neural correlates of recovery from apraxic
deficits. In LH stroke, limb apraxia has been associated with fronto-parietal lesions
(Goldenberg, 2009; Haaland, Harrington, & Knight, 2000), whereas bucco-facial apraxia has
been related to lesions of the frontal and central operculum and the anterior part of the insular
cortex (Raade, Rothi, & Heilman, 1991; Tognola & Vignolo, 1980). Neural substrates of
defective pantomime of tool use in LH stroke include inferior frontal, temporal, and inferior
parietal regions (Niessen, Fink, & Weiss, 2014; Weiss et al., 2016), whereas imitation deficits
have mainly been associated with areas within the parietal lobe including the intraparietal
sulcus (Hoeren et al., 2014; Price et al., 2010). To the best of our knowledge, no study has

thus far directly assessed the neural correlate of recovery from (different) apraxic deficits



Recovery from apraxic deficits

using, e.g., statistical lesion mapping. Basso et al. (1987) grouped patients according to their
performance at the first examination and their amount of recovery (below/above median) and
then visually compared the lesion patterns of these patient groups. They suggested that
recovery from deficits in imitating gestures was associated with more frontal than parietal
lesions. However, the lesion data of their follow-up study did not confirm this conclusion
(Basso et al., 2000).

Accordingly, the current study aimed to further explore the recovery from apraxic
deficits due to LH stroke. Note that the term ‘recovery’ is used in the current investigation to
describe improved task performance in the apraxia tests between the two testing sessions,
even if no (full) recovery of function was achieved (i.e., even if a patient still showed deficits
in the apraxia test at the second assessment). For that purpose, we assessed apraxia in a group
of LH stroke patients at admission to a standard rehabilitation program and about 11 days
later. To investigate differential effects of task and effector, we evaluated different apraxia
tasks (i.e., imitation, pantomime, and object use) as well as the effectors known to be
differentially affected in patients suffering from apraxia, i.e., limb and face. To investigate
the lesion correlates of recovery from apraxic deficits, we furthermore conducted voxel-based
lesion-symptom mapping (VLSM) on the clinical imaging data of our 39 LH stroke patients

(Bates et al., 2003; Rorden, Karnath, & Bonilha, 2007).

2. Methods
2.1. Patients

We consecutively recruited 54 patients with clinically diagnosed LH stroke from the
Department of Neurology, University Hospital Cologne and the Neurological Rehabilitation

Centre Godeshthe, Bonn. We excluded 15 patients after enrolment for the following reasons:
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four due to additional right hemispheric lesions, three because of previous strokes, two
patients with isolated midbrain lesions, two patients with additional neurological disorder
(Parkinson’s disease, amyloid angiopathy), two patients due to missing data at the second
testing session, one patient with missing consent for obtaining his scans, and one patient who
was older than 90 years.

Our final sample thus consisted of 39 patients with first-ever LH stroke, who fulfilled
the inclusion criteria of being between 18 and 90 years old and having no psychiatric or other
neurological disorder. The sample comprised of 22 men and 17 women with a mean age of
62.6 years (SD = 13.7, range = 35—87 years). Twenty patients were recruited at the
Department of Neurology, University Hospital Cologne and 19 patients at the Neurological
Rehabilitation Centre Godeshthe, Bonn. Thirty-four patients were right-handed (87.2%), two
were left-handed (5.1%), and three ambidextrous (7.7%), constituting a representative sample
for handedness (Gutwinski et al., 2011). The mean time between stroke onset and first
assessment was 20.3 days (SD = 21.9, range = 1-102 days). Thirty-six patients had suffered
from an ischemic, three from a hemorrhagic stroke. Lesions were confirmed by CT (n = 13)
or MRI (n = 26) scans.

All patients gave written informed consent before participating in the study. The study
was carried out following the ethical principles of the World Medical Association
(Declaration of Helsinki) and had been approved by the ethics committee of the Medical

Faculty in Cologne.

2.2. Procedure
To measure recovery over the course of a rehabilitation program, patients performed a
set of standardized neuropsychological tests once at admission (time post-admission: M = 4.9

days, SD = 8.3 days) and a second time after a mean of 11.3 days (SD = 2.0 days, range =
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7—-14 days). Between the two assessments, all patients received an individualized standard
motor (i.e., physiotherapy and occupational therapy) and cognitive (i.e., speech and
neuropsychological therapy) rehabilitation program, but did not receive any further specific
rehabilitative treatment for apraxic deficits.

To quantify apraxia, the Cologne Apraxia Screening was applied (Kélner Apraxie
Screening, KAS; Weiss et al., 2013). The KAS consists of four subtests assessing bucco-
facial and limb gestures with pantomime and imitation tasks (pantomiming the use of [bucco-
facial] objects related to the face, pantomiming the use of limb-related objects, imitating
bucco-facial gestures, imitating limb gestures). The pantomime and imitation subtests each
comprise five items for bucco-facial and limb gestures/objects, resulting in 20 items in total
that contribute equally to the overall KAS score (maximum of four points for each of the 20
items, resulting in a maximum overall score of 80 points). For the pantomime subtests
(bucco-facial- and limb-related objects alike), photos of different objects are presented whose
handling the patient is instructed to pantomime (e.g., toothbrush, drinking glass, dice,
scissors). For the evaluation of the pantomimes, one or two points (depending on the
complexity of the movements) are given for the presence of predefined features of the
pantomime (e.g., pantomiming the use of a toothbrush: the hand is almost closed to a fist; the
hand is held laterally in front of the mouth; the mouth is slightly opened, and the teeth are
shown; circling/pushing movements of the hand). Otherwise, no point is given when the
feature is absent. For the imitation subtests, pictures showing a person who demonstrates
different gestures are presented (e.g., sticking out the tongue, putting the thumb on the
forehead). For the evaluation of the imitation (bucco-facial and limb gestures alike), four
points are given for correct imitation on the first trial. Otherwise, the picture is shown again
and two points are given for a successful second trial or no point for an erroneous second

trial. The maximum score for each of the four subtests (consisting of five items) is 20 points.
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For the pantomime and imitation subscores, bucco-facial and limb gestures were pooled
(maximum score: 40 points). For the bucco-facial and limb subscores, pantomime and
imitation tasks were pooled (maximum score: 40 points). For further details of the KAS see
also Dovern et al. (2012). Moreover, the De Renzi test for actual object use (De Renzi,
Pieczuro, & Vignolo, 1968) was performed. The praxis tasks were always performed with the
left, i.e., ipsilesional hand.

For the assessment of aphasia, we administered the short form of the aphasia checklist
(ACL-K; Kalbe, Reinhold, & Kessler, 2002) consisting of the subtests: (i) reading aloud, (ii)
auditory comprehension, (iii) verbal fluency, and (iv) a verbal communication rating by the
examiner.

Furthermore, motor functions were assessed via the Action Research Arm Test (ARAT;
Lyle, 1981) and the Medical Research Council (MRC; Medical Research Council of the
United, 1978) paresis scale. The grip force of both hands was quantified using a vigorimeter
(KLS Martin) and used to operationalize the degree of hemiparesis (of the right,

contralesional hand).

2.3. Statistical analyses

2.3.1. Behavioral data

KAS performance was used to diagnose apraxia: based on the published cut-off
criterion, LH stroke patients scoring less than 77 (of 80) points were classified as apraxic
(Weiss et al., 2013). Based on the overall cut-off score of the KAS, separate cut-offs for the
four apraxic domains (i.e., bucco-facial apraxia, limb apraxia, pantomime deficits, and
imitation deficits) were defined: Patients scoring less than 39 points in a given domain were
diagnosed as suffering from bucco-facial or limb apraxia as well as from pantomime or

imitation deficits, respectively. As only 6 out of 39 patients exhibited object use deficits (i.e.,
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scored below the cut-off of 30 in the De Renzi test for actual object use, M = 30.4, SD = 3.9,
maximum score 32), we were unable to analyze recovery from object use deficits in the
current study.

We quantified recovery from apraxia using a three-way repeated measures ANCOVA
with time point (t1 and t2), task (pantomime and imitation), and effector (bucco-facial and
limb gestures) as within-subject factors and the performance in the corresponding KAS
subtests as the dependent variable. We included time post-stroke as a covariate to control for
potential influences of the time elapsed between stroke and first assessment of apraxia.

Furthermore, we computed a recovery score (RS) for the overall KAS performance
(i.e., RSqpraxia) by subtracting the KAS performance score at the first testing session (t1) from
the KAS performance score at the second session (t2). Therefore, a positive recovery score
indicates a better performance at the second testing session (i.e., improvement of
performance), whereas a negative score indicates a worse performance at the second
compared to the first testing session (i.e., deterioration of performance). In the same vein, the
performance in the ACL-K was used to assess recovery from aphasia (RSaphasia). TO quantify
the recovery from hemiparesis in the affected, i.e., contralesional limb, grip force was used
(RSparesis). We normalized grip force of the contralesional (i.e., right) hand by the grip force
of the ipsilesional (i.e., left) hand to account for pre-existing individual differences in muscle
strength.

To evaluate potential learning effects, we computed the correlation between the time
elapsed between the two testing sessions and the recovery score for the overall KAS
performance using Pearson correlation. The rationale for this analysis was that if recovery
from apraxic deficits is mainly due to practice effects an even more pronounced recovery
should appear when the time interval between the first and second assessment was short.

Moreover, to verify that the accuracy of the KAS was sufficient to assess improvements
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between the first and second testing session, we calculated the standard error of measurement

(SEM) for the KAS using the formula SEM = SD - v/1 — ra , with SD being the standard
deviation and ra the reliability of the test (Cronbach’s alpha).

To assess the potential impact of the standard rehabilitation program on the recovery
from apraxic deficits, we conducted correlation analyses between the recovery score for the
overall KAS performance and the total amount of motor and cognitive therapy (in minutes),
respectively, using Pearson correlation.

All statistical analyses were performed with the statistical software package SPSS 23

and the Type-1 error level was set to .05.

2.3.2. Lesion data

Lesion mapping was conducted using MRIcron software
(www.mccauslandcenter.sc.edu/mricro/mricron/index.html). Lesions were manually drawn
by an experimenter (CS) on axial slices of a T1-weighted template brain (ch2.nii.gz) in steps
of 5mm. A second independent experimenter (CT) crosschecked all lesions and both
evaluators had to agree upon lesion location and extent. CS and CT were blinded concerning
the test performance of the patients to exclude any selection bias. Based on these lesion maps,
different VLSM analyses (Bates et al., 2003; Rorden et al., 2007) were performed to
associate brain regions with specific behavioral performance parameters at the voxel-level
using the non-parametric mapping (NPM) program (distributed with MRIcron).

We conducted VLSM analyses with the initial overall KAS performance and the
initial test performance in the four apraxic domains as the behavioral variables to find brain
regions associated with (different) apraxic deficits. To reveal brain regions associated with
the recovery from apraxic deficits, we performed a VLSM analysis with the recovery score

for the overall KAS performance (RSapraxia) as the behavioral variable. Finally, we looked for
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brain regions associated with persistent apraxic deficits by computing a VLSM analysis with
the KAS performance at the second testing session.

We included only voxels that were damaged in at least 10% of the patients in these
analyses. We calculated voxelwise t-statistics and controlled for multiple comparisons using
the false discovery rate (FDR) correction (Kimberg, Coslett, & Schwartz, 2007).

The VLSM maps were yoked to the Automatic Anatomical Labeling (AAL; Tzourio-
Mazoyer et al., 2002) and Johns Hopkins University white matter (JHU; Wakana, Jiang,
Nagae-Poetscher, van Zijl, & Mori, 2004) atlas templates provided with MRIcron to

determine the brain regions comprising significant voxels.

3. Results
3.1. Behavioral data

Based on the overall KAS performance, 21 of our 39 patients (54%) were found to be
apraxic at the time of first assessment (for a lesion overlay of the patients initially suffering
from apraxia see Figure 1B). Seventeen patients suffered from bucco-facial and limb
apraxia. Four patients had limb apraxia only. Nineteen patients exhibited pantomime and
imitation deficits. One patient exhibited an isolated pantomime and another one an isolated
imitation deficit.

There was a significant correlation between the scores of the apraxia (i.e., KAS) and
aphasia (i.e., ACL-K) tests (r =.734, p <.001), indicating a strong association between the
severity of apraxic and aphasic deficits in the current patients with LH stroke at the time of
first assessment (t1). Regarding the (co-)occurrence of apraxic and aphasic deficits, apraxia
without aphasia was rare (n = 3, 8%), while the commonest pattern (n = 16, 43%) was co-

morbid apraxia and aphasia. Thus, more than two-thirds (n = 16, 70%) of all aphasic patients
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(n = 23) were also apraxic. Conversely, 84% (n = 16) of all apraxic patients (n = 19)
additionally suffered from aphasia. Aphasia without apraxia was present in 19% (n = 7) of all
patients. Eleven patients (30%) did not show any apraxic or aphasic deficits. Since the ACL-
K score was not available for two patients, this analysis included 37 patients only.

With respect to motor functions, 25 patients exhibited paresis of the contralesional
(i.e., right) limb (MRC paresis scale: M = 3.4, SD = 1.9). Apraxia, aphasia, and motor scores
for all LH stroke patients at the time of first (t1) and second assessment (t2) are listed in

Table 1.

Looking at the recovery from apraxic deficits, there was a significant improvement in
the KAS performance between the two testing sessions even after controlling for the effect of
time post-stroke [F(1,37) = 11.789, p = .001, np? = .242]. There was neither a significant
main effect of task [F(1,37) = 0.281, p = .599] nor a significant interaction between time of
assessment and task [F(1,37) =0.117, p =.734]. In contrast, there was a significant main
effect of effector [F(1,37) = 4.180, p = .048, np’ = .101] indicating that patients performed
limb-related gestures worse than bucco-facial gestures, and a marginally significant
interaction effect between time of assessment and effector [F(1,37) = 3.661, p =.063, np° =
.090] with a tendency of more pronounced recovery from limb compared to bucco-facial
apraxia (see Figure 2). Note that the initial apraxic deficits for bucco-facial gestures were
less pronounced compared to limb related gestures (see also Table 1). The correlation
between recovery from bucco-facial and limb apraxia was significant (r = .675, p < .001).

Notably, there was no significant correlation between time between the testing
sessions and the overall recovery score for apraxic deficits (r = .024, p = .885). Given a
Cronbach’s alpha of 0.968 and a standard deviation of 19.20, the standard error of

measurement for the KAS overall test (SEMgas) was 3.43. Sixteen subjects of the 21 patients

12



Recovery from apraxic deficits

initially suffering from apraxia exhibited a (positive) recovery score larger than the SEMkas.

Despite the significant improvement in overall KAS performance during the interval
between first and second assessments, apraxic patients still performed worse than non-
apraxic patients in the apraxia test (i.e., KAS) at the second testing session [t(37) = 3.703, p =
.001]. Based on the overall KAS performance, 16 of the 21 initially apraxic patients (76%)
were still apraxic at the time of the second assessment (i.e., scored below the cut-off score of
77 points).

Concerning the standard rehabilitation program, on average patients received
treatment for seven days between their first (t1) and second (t2) assessment, with 90 to 120
minutes of motor therapy (i.e., physiotherapy and occupational therapy) per day and about 45
minutes of cognitive therapy (i.e., speech and neuropsychological therapy) per day.
Correlation analyses showed that the amount of motor and cognitive therapy time was not
significantly related to the apraxia recovery score (r =.213, p =.200 and r = .210, p = .205,
respectively).

Regarding the association of recovery from apraxic deficits with i) the initial apraxia
severity, ii) the initial aphasia severity (as operationalized by the ACL-K score), and iii) the
degree of contralesional paresis, there were significant negative correlations between the
initial apraxia and aphasia severity and the recovery score for apraxia (r = -.593, p <.001 and
r =-.702, p < .001, respectively), indicating that more severe apraxic and aphasic deficits at
t1 were associated with better recovery from apraxia. In contrast, there was no significant
correlation between the initial normalized grip force and RSapraxia (r = -.295, p = .069).

Conversely, the recovery from aphasia was not significantly correlated with initial
severity of apraxia (r = -.043, p = .800), but showed a strong statistical tendency to be
significantly related to initial aphasia severity (r = -.320, p = .054).

Comparing the recovery from apraxia (RSapraxia) With the recovery from aphasia
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(RSapnasia) and paresis (RSparesis), there were no significant correlations between the respective
recovery scores, albeit the association between the recovery scores for apraxic and aphasic
deficits showed a statistical tendency towards significance (apraxia—aphasia: r =.298, p =

.073; apraxia—paresis: r =.115, p = .484).

3.2. Lesion data

Figure 1A displays a lesion overlay image of all 39 patients with LH stroke. As
revealed by VLSM, apraxic deficits (operationalized by the overall KAS score) at the first
testing session were significantly associated with cortical lesions of the frontal, temporal and
inferior parietal cortex, the insula, and subcortical lesions affecting white matter and the basal
ganglia (p < .01, FDR corrected, see Figure 3A, upper panel). Splitting up the different
apraxia sub-tasks, pantomime deficits were associated with more anterior lesions, whereas
imitation deficits were linked to more posterior lesions including the parietal cortex (p < .01,
FDR corrected, see Supplementary Figure S1A and B). Bucco-facial and limb apraxia were
both associated with large fronto-temporo-parietal lesions (p < .01, FDR corrected, see
Supplementary Figure S1C and D). Concerning the brain correlates of recovery from
apraxic deficits, lesions to the insular cortex were related to improved task performance in the
apraxia test, i.e., recovery from apraxic deficits (p < .01, FDR corrected; Figure 3B, medium
panel). Lesions affecting the basal ganglia (putamen and pallidum), the (inferior) parietal
lobe (IPL; supramarginal and angular gyrus), and the superior longitudinal fasciculus (SLF)
were associated with persistent apraxic deficits at the second testing session (p < .01, FDR

corrected; Figure 3C, lower panel).
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4. Discussion

The aims of the current study were (i) to assess recovery from apraxic deficits after
first-ever LH stroke, (ii) to investigate potentially differential recovery courses of bucco-
facial and limb apraxia as well as of pantomime and imitation deficits, and (iii) to identify the
neural correlates of recovery from apraxic deficits.

When re-assessing apraxia in 39 LH stroke patients after approximately 11 days, we
found a significant amelioration of apraxic deficits. In line with previous research (Basso et
al., 1987; Mimura et al., 1996; Stamenova et al., 2011), we were thus able to find evidence
for recovery from apraxic deficits — even within the short time interval applied in our study.
Unfortunately, to the best of our knowledge, there is no apraxia scale with parallel versions to
minimize practice effects. Likewise, no parallel version of the KAS exists. Therefore,
familiarity with the test material may have contributed to the recovery from apraxic deficits
between the first and second assessments in the current study. Note, however, that the time
between the two testing sessions was not significantly related to recovery from apraxic
deficits in the current patient sample rendering it unlikely that the improved task performance
at the second testing session was solely due to practice effects.

When comparing the course of recovery concerning different apraxia domains, there
was no differential effect for the recovery from imitation and pantomime deficits. However,
there was a statistical tendency for a faster recovery from limb compared to bucco-facial
apraxia. The fact that the recovery from bucco-facial and limb apraxia was nevertheless
significantly correlated implies that patients who recover from limb apraxia also recover from
bucco-facial apraxia. Importantly, previous studies by Basso et al. (1987; 2000) investigating
the association between recovery from limb and oral apraxia also showed a significant
correlation between the recovery from these two types of apraxic deficits, although Mimura

et al. (1996) found that association only in non-fluent aphasics.
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As only six of our patients exhibited deficits in actual tool use our conclusions are
limited to imitation and pantomime deficits. Studies drawing upon larger samples of patients
are needed to examine the recovery from object use deficits, given that actual tool use is
particularly relevant in the clinical context and leads to severe impairments in everyday life.

Consistent with previous studies (e.g., Weiss et al., 2016), the co-occurrence of
apraxic and aphasic deficits was the most common constellation in the current patients with
LH stroke. Accordingly, the recovery from apraxic deficits significantly correlated with both
(initial) apraxia and aphasia severity. Likewise, and in good accordance with previous
research, recovery from apraxia was not significantly related to recovery from aphasia or
paresis (Basso et al., 1987; Mimura et al., 1996), suggesting that the recovery from apraxic
and aphasic deficits (that are both associated with LH lesions) depends — at least in part — on
different processes/mechanisms. However, further investigations with even larger patient
samples and more elaborate deficit assessments are warranted to examine common and
specific neural (and cognitive) mechanisms of recovery from apraxia and aphasia.

Notably, the standard rehabilitation program (including physiotherapy and
occupational therapy as well as speech and neuropsychological therapy, but no specific
apraxia treatment) did not significantly impact on the recovery from apraxic deficits in the
current patient sample. These findings suggest that no significant transfer across
motor/cognitive domains occurred and stress once more the importance of establishing
specific apraxia training programs in stroke rehabilitation (Dovern et al., 2012). Therefore,
the current data provide essential information on the course of recovery from apraxic deficits

for both clinicians and intervention studies investigating potential apraxia therapies.

With respect to the neural substrates of apraxic deficits and their recovery, the current

VLSM analyses revealed that lesions affecting the inferior parietal lobe (i.e., supramarginal
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and angular gyrus) and the superior longitudinal fasciculus (SLF) of the left hemisphere were
related to persistent apraxic deficits. These results are consistent with previous studies (e.g.,
Price et al., 2010; Thiebaut de Schotten et al., 2014) showing that lesions affecting the left
inferior parietal cortex and the underlying white matter tracts may lead to chronic deficits. In
contrast, lesions to the insular cortex were associated with initial, but not (or to a lesser
extent) with persistent apraxic deficits. This finding suggests that patients with lesions
affecting the insular cortex have a greater potential for recovering from apraxic deficits
compared to patients with more parietal lesions. Note that this (statistical) finding does not
necessarily mean that recovered patients suffered from lesions confined to the insula. Instead,
it implies that in patients whose apraxic deficits improve a relevant portion of their lesion is
located in the insular cortex, a region that does not belong to the core praxis network
(comprising the parietal and frontal cortices as well as the underlying white matter tracts).
This could imply that impairments in cognitive functions associated with insular lesions
(contributing to the initial apraxic deficits) recover faster than the core praxis functions
associated with parietal and frontal lesions. Putative cognitive functions that are associated
with insular lesions and which are likely to be relevant for praxis comprise bodily self-
consciousness (Tsakiris, Hesse, Boy, Haggard, & Fink, 2007), representation of body parts
(Corradi-Dell’ Acqua, Tomasino, & Fink, 2009), or deficit awareness (Berti et al., 2005;
Karnath, Baier, & Nagele, 2005; Kusch et al., 2018). Thus, our data suggest that patients
recover better from their (initial) apraxic deficits when these are — at least in part — due to
cognitive deficits associated with the insula than when their apraxic deficits are mainly due to
core motor functions affected by lesions in the fronto-parietal praxis network.

The current findings based on statistical lesion analysis extend previous observations
made by Basso et al. (1987) who performed descriptive lesion analysis. These authors stated

that especially temporo-parietal and occipital lesions hamper the recovery from deficits in
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imitating limb gestures. Our data further suggest that initial apraxic deficits due to insular
lesions recover better than apraxic deficits caused by lesions within the (fronto-) parietal
praxis network. How this recovery is promoted — either by spontaneous recovery or
compensation — cannot be answered by the current data. Thus, further research is warranted
to investigate the neural mechanisms that mediate putative compensatory processes during

recovery from apraxia.

5. Conclusion

In our sample of 39 LH stroke patients, we observed a significant recovery from
apraxic deficits, while patients received a standard rehabilitation program, but no specific
apraxia therapy. Our results suggest that patients show a better recovery from apraxic deficits
when their (initial) apraxic deficits are caused by a lesion (here: the left insula) outside the

core regions of the fronto-parietal praxis network.
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Table 1. Descriptive data of the apraxia, aphasia, and motor scores for all LH stroke

Recovery from apraxic deficits

patients (n = 39) at the time of first (t1) and second assessment (t2)

t1 t2

KAS overall 68.2 (16.0) 72.4 (13.2)
KAS subtest pantomime 33.8(8.8) 35.5(7.9)
KAS subtest imitation 34.4 (8.5) 36.8 (6.2)
KAS subtest bucco-facial 35.7 (7.7) 37.1(6.7)
KAS subtest limb 32.5(9.4) 35.3(8.0)
RSapraxia 4.2 (6.6)

ACL-K 25.1 (12.3)° 27.9 (11.7)
RSaphasia 2.5 (5.0)°

Grip force (R/L) 0.5(0.4) 0.6 (0.4)
RSparesis 0.0 (0.3)

Means and standard deviations are provided.

KAS = Cologne Apraxia Screening, ACL-K = Aphasia Check List — short version, RS =

recovery score, Grip force (R/L) = grip force of the contralesional (i.e., right) hand divided by

the grip force of the ipsilesional (i.e., left) hand.

in=37
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Figure captions

Figure 1. Lesion overlay of all LH stroke patients (n = 39; A; upper panel) as well as of the
patients initially suffering from apraxia (n = 21; B; lower panel).
The color bars represent the number of overlapping lesions. Slices with the MNI-z-

coordinates from -12 to 48 are shown.

Figure 2. Influence of effector (bucco-facial vs. limb gestures) on recovery from apraxic

deficits in all LH stroke patients (n = 39). Error bars indicate standard deviation.

Figure 3. Lesions associated with initial and persistent apraxic deficits as well with recovery
from apraxic deficits in all LH stroke patients (n = 39) as revealed by VLSM (all p < .01,
FDR corrected).

A. Lesions significantly associated with initial apraxic deficits (as operationalized by the
overall KAS score at the time of first assessment, t1; upper panel).

B. Lesions significantly associated with recovery from apraxic deficits (as
operationalized by the difference in the overall KAS scores between the two
assessments, t2-t1, RSapraxia; medium panel).

C. Lesions significantly associated with persistent apraxic deficits (as operationalized by

the overall KAS score at the time of second assessment, t2; lower panel).

The color bars represent the corresponding t-values for the VLSM analysis. Slices with the

MNI-z-coordinates from -12 to 48 are shown.
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Kusch et al. - Figure 3
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Supplementary Material

Kusch et al. — Figure S1

Supplementary Figure S1. Lesions associated with pantomime and imitation deficits as well
as with bucco-facial and limb apraxia, separately, for all LH stroke patients (n = 39) as
revealed by VLSM (all p < .01, FDR corrected).

A. Lesions significantly associated with initial pantomime deficits (as operationalized by
the KAS pantomime subscore at the time of first assessment, t1).

B. Lesions significantly associated with initial imitation deficits (as operationalized by
the KAS imitation subscore at the time of first assessment, t1).

C. Lesions significantly associated with initial deficits in performing bucco-facial
gestures (as operationalized by the KAS bucco-facial subscore at the time of first
assessment, t1).

D. Lesions significantly associated with initial deficits in performing limb-related
gestures (as operationalized by the KAS limb subscore at the time of first assessment,
t1).

The color bar represents the corresponding t-values for the VLSM analysis. Slices with the
MNI-z-coordinates from -12 to 48 are shown.
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