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Objective: Aphasia and apraxia of speech (AOS) after stroke frequently co-occur with

a hand motor impairment but few studies have investigated stroke recovery across

motor and speech-language domains. In this study, we set out to test the shared

recovery hypothesis. We aimed to (1) describe the prevalence of AOS and aphasia in

subacute stroke patients with a hand motor impairment and (2) to compare recovery

across speech-language and hand motor domains. In addition, we also explored factors

predicting recovery from AOS.

Methods: Seventy participants with mild to severe paresis in the upper extremity

were assessed; 50% of these (n = 35) had left hemisphere (LH) lesions. Aphasia, AOS

and hand motor assessments and magnetic resonance imaging were conducted at 4

weeks (A1) and at 6 months (A2) after stroke onset. Recovery was characterized in 15

participants showing initial aphasia that also had complete follow-up data at 6 months.

Results: All participants with AOS and/or aphasia had LH lesions. In LH lesioned, the

prevalence of aphasia was 71% and of AOS 57%. All participants with AOS had aphasia;

80% of the participants with aphasia also had AOS. Recovery in aphasia (n = 15) and

AOS (n = 12) followed a parallel pattern to that observed in hand motor impairment and

recovery correlated positively across speech-language and motor domains. The majority

of participants with severe initial aphasia and AOS showed a limited but similar amount

of recovery across domains. Lesion volume did not correlate with results from behavioral

assessments, nor with recovery. The initial aphasia score was the strongest predictor of

AOS recovery.

Conclusion: Our findings confirm the common occurrence of AOS and aphasia in

left hemisphere stroke patients with a hand motor impairment. Recovery was similar

across speech-language and motor domains, even in patients with severe impairment,

supporting the shared recovery hypothesis and that similar brain recovery mechanisms

are involved in speech-language and motor recovery post stroke. These observations

contribute to the knowledge of AOS and its relation to motor and language functions
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and add information that may serve as a basis for future studies of post stroke recovery.

Studies including neuroimaging and/or biological assays are required to gain further

knowledge on shared brain recovery mechanisms.

Keywords: stroke, recovery, apraxia of speech, aphasia (language), hand motor impairment, prevalence

INTRODUCTION

Stroke patients often suffer from multiple impairments. A left
middle cerebral artery (MCA) stroke with damage to the left
inferior frontal cortex and precentral cortex often causes a right-
sided hemiparesis, non-fluent (Broca’s) aphasia andmay also lead
to apraxia of speech (AOS) (1, 2). AOS is traditionally described
as an impairment that occurs at an intermediate level of speech
production; it is neither regarded as a linguistic impairment
(aphasia), nor as a problem with speech motor execution
(dysarthria). Instead, it is defined as a deficit in planning and
programming speech motor movements (3). It has been argued
that the impairments in AOS reflect a disconnection between
linguistic and motor processes (4), and suggested that the
association between AOS and right-sided motor impairments is
stronger than that between aphasia and such motor impairments
(2). The core symptoms associated with AOS include a slow
rate of speech, disturbed prosody and impaired articulation with
sound errors that are predominately distortions (5). Non-verbal
oral apraxia (NVOA), an impairment of non-speech volitional
movements, is frequent especially in severe AOS (2). AOS after
stroke often co-occurs with aphasia (6, 7) and patients with non-
fluent aphasia often also have AOS (2). However, quantitative
information on the prevalence of AOS is limited. At the Mayo
Clinic Speech Pathology practice, AOS was documented as the
primary communication disorder in 4.7% of the patients with
motor speech disorders. The prevalence would presumably be
much higher if co-occurring AOS was included in the data (2).
Although there is a consensus that speech-language functions are
supported by predominantly left lateralized brain regions, there
is also an ongoing debate about the contribution of the right
hemisphere (RH) in speech production. Several neuroimaging
studies have examined the RH’s involvement and proposed a
bilateral organization of the speech sensory–motor system (8, 9).

Numerous studies have described a close connection between
hand motor behavior and speech-language functions. Corballis
(10) claimed that language evolved from manual gestures,
and that this transition can be traced by studying changes in
the function of Broca’s area. Several studies have reported a
significant activation of Brodmann area 44 in the posterior
portion of Broca’s area during manual action, e.g., Binkofski
et al. (11) and Gerardin et al. (12). In post stroke patients,
Meister et al. (13) reported enhanced excitability in the non-
dominant hand motor area during reading. This effect had
earlier been found only in the language-dominant hemisphere
in healthy individuals (14). Harnish et al. (15) studied five
chronic post-stroke patients with upper extremity hemiparesis
and aphasia during the course of 6 weeks of high intensive
motor therapy. All exhibited both hand motor and language
improvements, in the three patients with the largest motor

improvements also significant language improvements were
observed. Meinzer et al. (16) reported that transcranial direct
current stimulation over the left primary motor cortex induced
long lasting language improvements. Both naming ability and
functional communication were ameliorated in individuals
with chronic post-stroke aphasia, adding support for a close
connection between speech-language and motor systems.

There is a shortage of research involving patients with
AOS in an acute/subacute phase after stroke and of studies
that investigate how AOS symptoms evolves over time (17,
18). Studies of speech-language recovery after stroke have
mainly focused on aphasia [e.g., see (19, 20)] and very limited
information exists about the dynamics of recovery from AOS
relative to concomitant aphasia. In a single case study, Mauszycki
et al. (21) found a parallel recovery pattern of AOS and aphasia
over the first 8 months after stroke. Baumgaertner et al. (22)
described a disparate recovery process during the first 4 weeks
in a single post stroke patient that showed improvement from
aphasia but not fromAOS. Primaßin et al. (23) examined possible
interactions of motor and speech-language processes after 7
weeks of intensive language and motor therapy in four patients
in a subacute or chronic phase after stroke. In this study sample,
dissociation in the recovery of AOS vs. aphasia was noticed with
a tendency of more persistent AOS symptoms compared to those
related to aphasia.

Most spontaneous language and motor recovery is assumed
to occur within the first 3 months after stroke (24), supporting
the hypothesis of common spontaneous recovery coherent with
general plasticity mechanisms (25). However, studies have shown
that the extent and timing of recovery at the inter-individual
level vary considerably, both regarding hand motor (26) and
speech-language recovery (27, 28). Traditionally, motor recovery
is regarded to start earlier than language recovery in post stroke
patients (1), and studies have reported that cognitive functions
continue to recover after 3 months, for example language (29)
and visual attention (30). There are also alternative hypotheses,
referred to in e.g., Primaßin et al. (23), about competitive
vs. additive interactions in the recovery process. Competitive
interactions would entail that during the course of a general
recovery, one domain would draw a proportionately greater
amount of neural resources at the disadvantage of a “competing”
domain. The alternative assumption is that there is a positive
interaction, and that recovery in one domain would benefit
also to the recovery in other domains. Recovery has yet most
often been studied in a single domain within selected patient
groups and few studies address both motor and speech-language
abilities (31). Knowledge about determinants of concurrent
recovery is therefore missing (23). This is particularly the case
for patients with severe speech-language impairments, which
often are excluded from studies (32). As a consequence, the
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generalization of research findings relating to aphasia and AOS
patients is limited (33). The exclusion of patients with a severe
speech-language impairment also create an imbalance in the
recruitment of patients with a hemiparesis in the dominant
hand (34).

Among the predictors for post stroke recovery, initial severity,
lesion site and lesion size are often proposed as important factors
(35). The relation between lesion volume and recovery has been
addressed in several studies. Generally, large left hemisphere
lesions are associated with poor language recovery whereas
smaller lesions are assumed to have a better prognosis (36, 37).
Trupe et al. (38) found that patients with persistent AOS had large
infarcts involving most of the territory supplied by the superior
division of the left MCA. However, research has questioned the
role of global lesion size as a reliable correlate for motor and
language recovery and its importance as a prognostic factor has
been debated (39, 40).

Since basic knowledge on recovery from AOS and its relation
tomotor and language functions is missing, we set out to describe
recovery occurring across domains. A prospective longitudinal
observational study design was applied. Given previous findings
supporting similar recovery across domains (1) we set out
to test the hypothesis that motor and speech and language
recovery would be similar in stroke patients presenting with
initial arm paresis.

The aims of the study were threefold:

1) To investigate the prevalence of AOS and aphasia in
patients with arm and hand motor impairment in an early
phase after first ever stroke. Since studies point to shared
neurophysiological mechanisms (2), we hypothesized that the
prevalence of both AOS and aphasia would be high in the
patient group with LH lesions.

2) To describe recovery patterns of AOS, aphasia and hand
motor impairment spanning all severity levels, from a
subacute phase at 4 weeks to a follow-up at 6 months. Given
initial accounts of similar recovery of aphasia and motor
impairment (15), we hypothesized that AOS and aphasia
recovery would be closely related to hand motor recovery,
even in patients with severe initial impairment, reflecting
shared plasticity mechanisms.

3) To explore factors predicting recovery from AOS. In line with
current findings (27, 40), we also predicted that AOS and
aphasia recovery would not be related to lesion volume.

METHODS

Participants
The study was performed as a part of the ProHand study,
a prospective longitudinal study designed to identify key
determinants for recovery of hand motor function after a
first stroke (ClinicalTrials.gov Identifier: NCT02878304). It was
approved by the Regional Ethical Review Board in Stockholm and
all participants provided informed consent prior to participation.
Since the study included patients with severe aphasia, both oral
and written information were modified and presented in an
aphasia friendly manner to make it accessible also to individuals

with compromised language skills. Inclusion criteria: (1) Patients
aged ≥18 years admitted to inpatient care after first ever-stroke
(2) clinical evidence of hand motor deficits based on neurological
examination and medical records (3) time of enrolment: between
2 and 6 weeks after stroke onset (4) Swedish as first language,
(5) awake, alert and capable of participating in assessment
procedures. Exclusion criteria: (1) Incapability to understand and
comply with instructions (for patients with aphasia presented
in an adapted format) (2) Other disorders that may affect
hand function (e.g., other neurological conditions, arthritis),
(3) Cerebellar lesions (4) Report of claustrophobia or metal
object in body (5) Presence of other neurological, psychiatric or
medical conditions that preclude active participation. Behavioral
assessments and brain imaging examinations were conducted
at two time points; the first (A1) at 2–6 weeks after stroke
onset and the follow-up (A2) at 6 months. Seventy participants
were assessed at A1. Half of the group (n = 35) suffered
from a right hemisphere (RH) lesion, the other half a left
hemisphere lesion (LH) (for demographics and clinical details see
Table 1). Complete follow-up assessments at A2 were performed
in 15 participants with speech-language impairment at A1. This
subgroup all had LH lesions. As can be seen in Table 2 and
Figure 1, all in this group had middle cerebral artery lesions.
Most were caused by ischemic strokes, but three participants
had haemorrhagic strokes. In one case, the lesion was subcortical
only; all other participants had cortical lesions extending into the
subcortical white matter. Themean lesion volume was 133.8 cm3.

Behavioral Assessments
Presence and degree of AOS was examined using the Apraxia
of Speech Rating Scale 2.0 (ASRS 2.0) (41, 42). The ASRS has
been applied in several studies and was recently found as a
reliable indicator of AOS after stroke (43). Total maximum
score is 52, higher scores reflect greater severity, cut-off value
for an AOS diagnosis ≥8 points. To assess presence, degree
and type of aphasia, the Neurolinguistic Aphasia Examination
(A-NING) was used (44). A-NING is a standardized test
and includes evaluation of seven linguistic modalities: “oral
expression abilities,” “repetition,” “auditory comprehension,”
“reading comprehension,” “reading aloud,” “dictation,” and
:informative writing.” The maximum result is 220 points, with
a corresponding aphasia index of 5.0. The cut-off value for
an aphasia diagnosis is 208 < (index 4.8) (45). For visual
confrontation naming ability, the Boston Naming Test (BNT)
was applied (46). The BNT is a frequently used assessment
instrument internationally, both in research and clinical settings
(47). Maximum result is 60 and the cut-off value ≤47–55 based
on Swedish-language norms (48). For assessment of non-verbal
oral apraxia (NVOA), a screening instrument developed by
Josephs et al. (49) and Botha et al. (50) was applied. This 8-item
protocol consists of four gestures repeated twice. Total maximum
score is 32, whereas the recommended cut-off for a NVOA
diagnosis is <29. To assess hand motor function, the motor
domain of the Fugl-Meyer assessment for the upper extremity
(FM-UE) was applied (51). The FM-UE is a standard outcome
measure in clinical stroke research and has shown excellent inter-
and intrajudge reliability and construct validity (52, 53). With
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TABLE 1 | Participant characteristics at A1, LH lesioned (n = 35).

Variables Measures All

(n = 35)

No SLI

(n = 10)

Aphasia

(n = 5)

Aphasia and AOS

(n = 20)

Group difference

(sig.)

Age Mean (SD)

Median

53.3 (8.4)

54

57.7 (4.7)

58

51.0 (4.9)

53

51.6 (9.8)

53

0.134a

Sex N (%) Females 6 (17) 2 (20) 0 (0) 4 (20)

Males 29 (83) 8 (80) 5 (100) 16 (80)

Lesion Volume cm3 Mean (SD)

Median

94.9 (102.8)

45.5

49.4 (104.3)

4.7

88.6 (111.6)

25.6

120.9 (96.8)

117.1

0.051a

Stroke type N (%) Ischemic 24 (69) 7 (70) 4 (80) 13 (65)

Hemorrhage 11 (31) 3 (30) 1 (20) 7 (35)

FM-UE total (60p) Mean (SD)

Median

25.1 (24.9)

16

39.7 (22.3)

51.5

37.6 (27.0)

57.0

14.7 (21.5)

2.0

0.020a*

SLI, speech-language impairment, Aphasia diagnoses according to A-NING test score, AOS diagnoses according to ASRS, Percent is calculated as proportion within the

respective group.
aKruskal Wallis Test, *Significant at p < 0.05, Bonferroni corrected pairwise comparison.

AOS + Aphasia compared no SLI p = 0.04, Aphasia only compared to AOS + Aphasia p = 0.17, Aphasia only compared to no SLI p = 1.0.

TABLE 2 | Participant characteristics and lesion descriptives (n = 15).

ID Sex Age Stroke Les. vol.cm3 Lesion location

Vascular territory,

involved region

1 F 52 I 30.6 MCA, C and SC

2 M 65 I 121.9 MCA, C and SC

3 M 57 I 32.9 MCA, C and SC

4 F 39 I 117.1 MCA, C and SC

5 M 31 H 167.7 MCA, C and SC

6 M 50 I 115.1 MCA, C and SC

7 M 45 H 143.2 MCA, C and SC

8 M 39 I 175.6 MCA, C and SC

9 F 62 I * MCA, SC

10 M 53 I 270.2 MCA, C and SC

11 M 61 I 160.2 MCA, C and SC

12 M 44 I 122.7 MCA, C and SC

13 M 54 H 25.6 MCA, C and SC

14 M 54 I 73.1 MCA, C and SC

15 M 48 I 317.8 MCA, C and SC

Mean(SD) 50.3 (9.4) 133.8 (84.7)

Median 52 122.3

F, female; M, male; I, ischemic stroke; H, hemorrhagic stroke; MCA, middle cerebral artery;

C, cortical; SC, subcortical.

*Data missing.

the three reflex items excluded, maximum total score is 60 (54).
Upper extremity motor impairment level was classified as severe
impairment (FM-UE <19), moderate (FM-UE 19–47), and mild
(FM-UE >47) (55).

Magnetic Resonance Imaging
For description of lesion size and location, brain
imaging was performed with an Ingenia 3.0T MR system
(www.usa.philips.com) with an 8HR head coil. High-resolution
T1-weighted anatomical images were acquired using TFE 3D

(3-dimensional gradient echo-based sequence): field of view, 250
× 250 × 181mm; matrix, 228 × 227; slice thickness, 1.2mm;
slice spacing, 0.6mm; and number of slices, 301 (echo time,
shortest; relaxation time, shortest). T2 fluid attenuated inversion
recovery images were also acquired. Anatomical T1-images
were normalized to Montreal Neurological Institute template
using SPM12 (www.fil.ion.ucl.ac.uk/spm/software/spm12/).
Cost function masking was used to avoid distortion of lesion
by normalization procedure, and the images were inspected
visually to ensure adequate normalization. Lesion maps were
manually drawn on all axial slices of native space T1 weighted
anatomical images using MRIcron (https://people.cas.sc.edu/
rorden/mricron/index.html) by researcher (JP) and verified by
an experienced neurologist, who was blinded to all clinical data
except the lesioned hemisphere.

Statistical Methods
The amount of recovery was defined as the percentage that
a participant improved over time on a test in relation to
the possible maximum improvement on that specific measure.
Recovery ratio was calculated as the absolute amount of recovery
(change from the subacute score, A2–A1) divided by the
amount corresponding to full recovery (difference between
subacute score and maximum score, max—A1). To minimize
known ceiling effects, patients with results at ceiling at the
initial assessment were excluded from the analysis (56). To
test the strength of association between recovery ratios in
different domains and between behavioral score result at A1
and A2, Spearman’s correlation coefficients were calculated.
The non-parametric option was chosen to avoid a strong
influence of possible outliers in the relatively small dataset.
Between-group differences were tested using Kruskal-Wallis
Test. For within-group differences, Related-Samples Wilcoxon
Signed Rank Test was applied. To investigate predictors of AOS
recovery, univariate regression analyses were performed. Since
this data was not severely skewed, the parametric option could
be allowed in order to explore the explained variance among the

Frontiers in Neurology | www.frontiersin.org 4 March 2021 | Volume 12 | Article 634065

http://www.usa.philips.com
http://www.fil.ion.ucl.ac.uk/spm/software/spm
https://people.cas.sc.edu/rorden/mricron/index.html
https://people.cas.sc.edu/rorden/mricron/index.html
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Hybbinette et al. Stroke Recovery, AOS, Aphasia, Handmotor

FIGURE 1 | Lesion overlap map (n = 14) (1 missing data). All lesions were in LH MCA territory. Lesion overlap was greatest in subcortical white matter in

striatocapsular region.

predictors. Statistical significance level was set at p < 0.05. A
separate subgroup analysis was undertaken in participants with
severe speech-language impairments at A1, since descriptions of
recovery in these patients are scarce.

RESULTS

Prevalence of AOS and Aphasia at 4 Weeks
After Stroke Onset
All participants with a speech-language impairment had LH
lesions (n = 35). In this group, 20 participants (57%) had AOS
with concomitant aphasia. Five participants (14%) had aphasia
without concomitant AOS, while 10 participants (28.6%) showed
no signs of AOS or aphasia. Unilateral upper motor neuron
dysarthria was present in approximately half of the group with
AOS and/or aphasia, but all to a mild degree that did not
interfere the speech-language measurements. As seen in Table 1,
a Kruskal-Wallis test showed a statistically significant difference
in FM-UE score across the three participant groups (H = 7.8, p=
0.02), with a much lower median FM-UE score in the group with
AOS and aphasia than in the groups with aphasia only or with
no speech-language impairment. Pairwise post-hoc comparisons
indicated that the only significant difference was between the
group with AOS and concomitant aphasia and the group without
speech-language impairment (p= 0.04).

Recovery in Speech-Language and Hand
Motor Domains
Recovery was studied in 15 of the 25 LH lesioned participants
presented in Table 1 with a speech-language impairment. The
missing data was due to the initial design of the ProHand study,
where a follow-up assessment of speech-language functions
initially was not included. The second assessment occasion was
instead added to the protocol 18 months after the data collection
had started.

In this group (Table 3), 12 also had AOS at A1. The
mean ASRS was 22.8, indicating moderate/severe AOS. Aphasia
severity ranged from mild to very severe, the mean A-NING
value was 93.6 (A-NING aphasia index 2.0) which corresponds to
severe aphasia. The BNT scores were generally low and correlated

significantly with A-NING scores. All participants with AOS had
concomitant NVOA with significantly correlated severity. The
initial ASRS results were also significantly correlated with results
from A-NING and BNT. The mean FM-UE score was 14.9 with
a median value of 2 points reflecting an almost total arm and
hand paresis. FM-UE score correlated significantly withmeasures
of NVOA but did not reach significance in relation to scores
of ASRS, A-NING and BNT. No correlation was found between
lesion volume and behavioral assessments (Table 4).

At A2, total results of ASRS, A-NING and FM-UE,
respectively demonstrated statistically significant improvements
(Related-Samples Wilcoxon Signed Rank Test; ASRS p < 0.002,
A-NING and FM-UE p < 0.001). Two of the former 15
participants with aphasia showed a complete recovery while 3 still
had severe to very severe aphasia. Out of the 12 participants with
AOS at A1, 9 still had AOS of varying severity. The ASRS scores
correlated significantly with A-NING, BNT, and NVOA results.
Three participants showed a complete hand motor recovery with
maximum results on the FM-UE, whereas several participants
still had a severe hand motor impairment. At this timepoint, the
FM-UE total score also correlated significantly with all speech-
language results (Table 4).

Comparison of Recovery Across Domains
At a group level, the mean recovery ratios varied between 26%
for FM-UE up to 48% for A-NING; for ASRS the mean recovery
was 38% (Table 5). At an inter-individual level, the magnitude
of the recovery varied widely in all of the applied behavioral
measurements. In analyses of the relation between recovery
ratios, a parallel pattern with significant correlations between
hand motor and speech-language domains was found (Figure 2
and Table 6). In all domains, no significant correlations were
found between lesion volume and recovery ratio (Table 6).

Prediction of AOS Recovery
Univariate linear regression analysis revealed initial A-NING
total score as the strongest predictor for the magnitude of AOS
recovery ratio; 84% of the variance could be explained by this
factor. The initial ASRS score accounted for 52% of the variance,
initial BNT score for 45%, initial NVOA for 35%, while the initial
FM-UE score had no explanatory power (0.6%). The regression
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TABLE 3 | Behavioral measurements, total score results, assessment 1 (A1) and 2 (A2) (n = 15).

ID ASRS A-NING FM-UE BNT NVOA

A1 A2 A1 A2 A1 A2 A1 A2 A1 A2

1 44 35 35 95 0 4 0 21 16 17

2 18 15 36 46 0 2 1 2 6 7

3 23 15 26 86 1 9 0 5 2 9

4 22 14 70 120 2 10 12 38 17 20

5 17 9 134 202 2 29 49 51 18 30

6 17 5 160 200 1 7 15 48 21 32

7 29 28 22 25 0 2 0 0 0 2

8 28 18 38 173 16 34 0 44 5 21

9 10 2 207 216 2 23 45 50 27 32

10 6 2 199 218 57 60 57 57 29 32

11 9 2 150 190 21 51 17 43 12 20

12 7 7 118 192 7 40 32 42 26 27

13 7 3 181 206 57 60 52 52 23 32

14 32 23 18 133 58 60 0 49 26 30

15 25 24 10 25 0 4 0 0 0 0

Mean 19.6 13.5 93.6 141.8 14.9 26.3 18.7 33.5 15.2 20.7

(SD) 10.9 10.5 72.8 71.0 22.8 23.0 22.1 21.4 10.4 11.5

Median 18 14 70 173 2 23 12 43 17 21

ASRS, Apraxia of speech rating scale, max 52, cut-off value for AOS ≥ 8 points; A-NING, A-ning neurolinguistic aphasia examination, total score results and severity index classification:

very severe/Global ≤ 42 (INDEX ≤ 0.9), Severe ≤ 82 (INDEX ≤ 1.8), Moderate ≤ 170 (INDEX ≤ 3,8), Moderate/mild ≤ 192 (INDEX ≤ 4.4), Mild ≤ 208 (INDEX ≤ 4.7), No Aphasia >

208 (INDEX > 4.8), maximum 220 points; FM-UE, upper extremity motor portion of the Fugl-Meyer scale, max 60, cut-off level severe—moderate imp. 19 ± 2 points, moderate—mild

47 ± 2 points; BNT, Boston naming test, max 60, cut-off value ≤ 47–55 based on normative data (education); NVOA, non verbal oral apraxia protocol, max 32, cut-off value for NVOA

diagnosis < 29 points.

coefficients for lesion volume and age were also low and not
statistically significant (Table 7).

Recovery in Speech-Language and Hand
Motor Domains in the Group With Severe
Aphasia
Separate analyses were performed in a subgroup of 7 participants
(ID 1, 2, 3, 7, 8, 14, 15 in Table 3) with very severe aphasia at
the initial assessment (A-NING severity index ≤0.9). At A1, all
in this group had AOS, the mean ASRS total score was 28.4
indicating severe AOS. The majority also had severe NVOA, only
one participant (ID 14) showed a moderate impairment. Almost
no naming ability was demonstrated; one participant scored 1/60
points on BNT, the others 0/60. Except for two participants (ID
8 and 14), all in this subgroup had an almost total arm and
hand paresis (FM-UE 0 or 1 point). Participant ID 8 had a FM-
UE of 16, indicating severe motor impairment, ID 14 had a
very discrete hand motor impairment (FM-UE= 58). The lesion
volume varied from 30.7 cm3 to maximum 317.8 cm3, with a
mean value of 127.9 cm3.

At A2, four participants showed aphasia recovery with A-
NING scores in the moderate impairment range (A-NING
severity index ≤1.9–3.8). One participant progressed from very
severe to severe aphasia (A-NING severity index ≤1.0) while
two participants still had very severe (global) aphasia. The same
pattern was found in naming ability and the results of BNT

and A-NING showed a strong correlation (rho = 0.96). All 4
participants that showed a clinically significant improvement
in aphasia (i.e., moved ≥1 index in A-NING) also improved a
minimum of 5 points on the ASRS, the remaining 3 participants
showed very limited/no recovery. In hand motor function, the
overall FM-UE result remained low (mean 16.4, median 4.0).
The participant with very discrete impairment at A1 showed a
complete recovery (from 58 to 60 points). Only one participant,
ID 8, showed a clinically significant hand motor improvement
(i.e., recovery ≥9 points in FM-UE) (57) (Figure 3).

Comparison of Recovery Across Domains
in the Group With Severe Aphasia
Low recovery ratios were found in all three domains; the mean
value was 30% for A-NING, 23% for ASRS and 12% for FM-UE.
Higher recovery magnitudes were found in only two participants,
ID 8 and ID 14, with recovery ratios around 70% in the language
domain (Figure 4). A parallel pattern across language and motor
domains was noticed also in this subgroup. There were significant
correlations between AOS and aphasia recovery (ASRS vs. A-
NING rho = 0.79∗) and between hand motor and aphasia
recovery (FM-UE vs. A-NING rho = 88∗), while the correlation
between AOS recovery and hand motor recovery did not reach
significance (ASRS vs. FM-UE rho= 0.74). The lesion volume did
not correlate significantly with the recovery ratio in any of the
domains (Table 8).
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FIGURE 2 | Relation recovery ratios. (A) AOS recovery ratio (ASRS) correlated with recovery ratio of aphasia (A-NING) (Rho = 0.80, p < 0.01). (B) AOS recovery ratio

(ASRS) correlated with recovery ratio of hand motor impairment (FM-UE) (Rho = 0.78, p < 0.01). (C) Aphasia recovery (A-NING) correlated with recovery of hand

motor impairment (FM-UE) (Rho = 0.80, p < 0.01).

TABLE 4 | Correlation between assessments at A1 and A2 (n = 15).

Measurements Spearman’s rho Sig.

Assessment 1

ASRS vs. A-NING −0.83** <0.001

FM-UE −0.46 0.08

NVOA −0.58* 0.02

BNT −0.92** <0.001

Lesion volume −0.18 0.55

FM-UE vs. A-NING 0.45 0.10

NVOA 0.64* 0.01

BNT 0.48 0.07

Lesion volume −0.01 0.96

A-NING vs. BNT 0.89** <0.001

NVOA 0.68** 0.005

Lesion volume 0.02 0.95

NVOA vs. BNT 0.72** 0.003

Lesion volume −0.21 0.48

BNT vs. Lesion volume 0.11 0.71

Assessment 2

ASRS vs. A-NING −0.83** <0.001

FM-UE −0.57* 0.03

NVOA −0.71** 0.003

BNT −0.68** 0.005

Lesion volume −0.09 0.76

FM-UE vs. A-NING 0.71** 0.003

NVOA 0.69** 0.004

BNT 0.80** <0.001

Lesion volume −0.01 0.97

A-NING vs. BNT 0.94** <0.001

NVOA 0.94** <0.001

Lesion volume 0.01 0.98

NVOA vs. BNT 0.94** <0.001

Lesion volume −0.16 0.59

BNT vs. Lesion volume −0.04 0.90

*Significant at p < 0.05, **Significant at p < 0.01.

DISCUSSION

The findings of this study provide original data on the prevalence
of AOS and aphasia in post stroke patients with arm and hand

TABLE 5 | Descriptive statistics, recovery ratios.

A-NING REC. ASRS REC. BNT REC. NVOA REC. FM-UE REC.

(%) (n = 14) (%) (n = 12) (%) (n = 12) (%) (n = 14) (%) (n = 12)

Mean (SD) 48 (29.4) 38 (26.3) 38 (30.5) 45 (39.3) 26 (25.2)

Median 57 35 35 31 14

Min. 1 4 0 0 3

Max. 90 80 82 100 77

Total score results at ceiling at A1 excluded in the analyses; A-NING > 200; ASRS < 9;

BNT 2 points below the normative value, NVOA ≥ 28; FM-UE ≥ 57.

TABLE 6 | Relation between recovery ratios.

Measurements Spearman’s rho Sig.

ASRS vs. A-NING 0.80** 0.003

FM-UE 0.78** 0.004

NVOA 0.84** 0.001

BNT 0.55 0.055

Lesion volume −0.005 0.989

FM-UE vs. A-NING 0.80** 0.003

NVOA 0.59* 0.045

BNT 0.65* 0.029

Lesion volume 0.25 0.464

A-NING vs. BNT 0.84** 0.001

NVOA 0.74** 0.004

Lesion volume 0.25 0.391

NVOA vs. BNT 0.72** 0.008

Lesion volume −0.28 0.357

BNT vs. Lesion volume −0.20 0.563

*Significant at p < 0.05, **Significant at p < 0.01.

motor impairment. In addition, a parallel recovery pattern for
AOS, aphasia and handmotor domains across all severity levels is
demonstrated. These observations add to the knowledge of AOS
and its relation to motor and language functions, and provide
information that may serve as a basis for future studies of post
stroke recovery mechanisms.
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Prevalence of AOS and Aphasia in Patients
With Arm and Hand Motor Impairment
We examined 70 patients with a hand motor impairment
after first ever stroke with a comprehensive speech-language

TABLE 7 | Univariate linear regression analyses (n = 15).

Outcome Predictors Explained

variance

/R square

p-value

ASRS recovery ratio A-NING total at A1 0.836** <0.0001

ASRS total at A1 0.525** 0.008

BNT total at A1 0.448* 0.017

NVOA total score at A1 0.353* 0.04

Age 0.047 0.497

FM-UE at A1 0.006 0.818

Lesion volume cm3 0.001 0.942

*Significant at p < 0.05, **Significant at p < 0.01.

assessment battery. Since the RH involvement in the speech-
motor network has been discussed, most often considered to be
involved in feed-back control and/or in lower levels of speech
production (58, 59), the initial study sample also included 35
patients with RH lesions. However, no participant with AOS or
aphasia after a RH lesion was found. Instead, the majority (71%)
of the participants with a left hemisphere lesion had aphasia.
Over half of the group (57%) also suffered from AOS, several
with moderate to severe impairments. The co-occurrence of AOS
and aphasia was high; all participants with AOS had aphasia and
80% of all participants with aphasia also had AOS. These findings
support the current view regarding the common occurrence of
AOS with concomitant aphasia after a LH stroke (2) and add
new quantitative information to the limited data regarding the
prevalence of AOS in early post stroke patients.

Similar Speech-Language and Motor
Recovery Post-stroke
In accordance with our hypothesis, a parallel recovery pattern
was found between speech-language and hand motor domains.
This pattern was also apparent in severely impaired patients.

FIGURE 3 | Total score changes between A1 and A2 in ASRS, FM-UE, and A-NING. In ASRS, higher scores reflect greater severity.

FIGURE 4 | Recovery ratios in participants with severe initial aphasia (n = 7). *Blue striped plot shows FM-UE result at ceiling at A1.
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Neither recovery ratio nor severity of impairment co-varied with
lesion volume, coherent with recent reports on hand motor
recovery (60).

In speech-language domains, strong correlations were found
both between the level of impairment in all measurements of
behavioral functions and of the magnitude of recovery during
the first 6 months. Consistent with earlier studies, e.g., Dronkers
et al. (61) and New et al. (62), a frequent co-occurrence of
NVOA and AOS was found. The severity of AOS and NVOAwas
significantly correlated, which also is in accordance with findings
by Botha et al. (50) in studies of patients with primary progressive
aphasia and/or primary progressive AOS. In contrast to earlier
findings of a disparate AOS and aphasia recovery (22, 23), a
parallel pattern was noticed between recovery from AOS and
aphasia. The covariance was more apparent between the recovery
ratio of AOS and the recovery ratios from the broad aphasia
score of A-NING, covering all language modalities, compared
to recovery in naming ability measured by BNT that did not
reach statistical significance. A correlated parallel pattern was
also apparent for NVOA recovery ratio in relation to recovery
from both AOS and aphasia.

Significantly correlated recovery ratios were also found
between hand motor function compared to recovery of speech
and language functions. This parallel pattern was also observed
and confirmed in the pairwise correlation analyses between
behavioral total score results, with a tendency of becoming
even more strongly correlated at A2 (Table 4). Even though
several earlier studies have suggested a link between motor and
language abilities [e.g., see (15, 16, 23, 63)] studies focusing
on simultaneous motor and language impairments after stroke
and on concurrent recovery are scarce. To our knowledge, the
only study so far that investigated longitudinal recovery after
stroke in multiple domains is Ramsey et al. (1), who reported
similar patterns of recovery across motor and cognitive domains
indicative of common underlyingmechanisms. Beside the impact
of anatomical proximity and changes in important white matter
tracts to the recovery process, the authors also reported correlated
recovery patterns in specific clusters of behavioral deficits with
the underlying lesion areas distributed in distant cortical regions,
often in different vascular territories (1). The parallel recovery
pattern that was found in our behavioral handmotor and speech-
language data extends these findings, indicating that shared
plasticity mechanisms driving recovery across language and
motor domains also apply to AOS recovery and to recovery
in patients with severe speech-language impairments. Our
observations do not clarify whether the parallel recovery pattern
is specific in regard to these functions; if these findings are due
to shared neural correlates for hand motor and speech-language
functions or merely reflects anatomical proximity and vascular
factors, or may depend upon other general brain-wide plasticity
mechanisms in distributed networks. These questions need to be
investigated in future studies designed for that purpose. Brain
plasticity is operating at different levels, ranging from molecular,
cellular and systemic to behavioral/treatment-induced aspects
(64) and has been studied both in speech-language domains [for
a review, see Kiran and Thompson (37)] and in motor domains
[for a review, see Cramer and Riley (65) and Raffin and Hummel

TABLE 8 | Relation recovery ratios in the group with severe aphasia (n = 7).

Measurements Spearman’s rho Sig.

ASRS vs. A-NING 0.79* 0.04

FM-UE 0.74 0.09

NVOA 0.83* 0.02

BNT 0.81* 0.03

Lesion vol. cm3 −0.36 0.43

FM-UE vs. A-NING 0.88* 0.02

NVOA 0.69 0.13

BNT 0.72 0.11

Lesion vol. cm3 0.09 0.87

A-NING vs. BNT 0.90** 0.006

NVOA 0.72 0.07

Lesion vol. cm3 −0.18 0.70

NVOA vs. BNT 0.84* 0.02

Lesion vol. cm3 −0.32 0.48

BNT vs. Lesion vol. cm3 −0.43 0.33

*Significant at p < 0.05, **Significant at p < 0.01.

(66)]. In speech and language research, several functional and
structural neuroimaging studies have shown that both residual
and new neural mechanisms can be recruited in the recovery
process after stroke [e.g., see (67, 68)]. Genetic (69) and biological
(70) factors also likely contribute to recovery across domains.
The role of neuroplasticity in speech and language recovery is
however not fully understood yet (71).

In our data, there were no signs of a lower aphasia recovery
during the first 6 months after stroke in comparison to recovery
of hand motor function. Instead, the opposite tendency was
seen with several participants showing more improvement in
language domains than in hand motor domains. Primaßin et al.
(23) stated that there is no prospect of language recovery for
stroke patients with no motor improvements. Our results do not
unequivocally support this statement. In line with this postulate,
the two participants in the very severe aphasia subgroup who
reached recovery ratios around 70% in speech-language domains
were the only ones in this subgroup without an almost total hand
paresis at A1 (ID 8 and 14 in Figure 3). These two divergent
participants also improved in hand motor function (ID 14 with
initially a very mild impairment showed a complete recover; for
ID 8 the recovery ratio for FM-UE was 41%), while the others in
this subgroup showed a very discrete hand motor improvement
(mean recovery ratio 6%). However, other participants in this
study, several with an almost total hand paresis at the initial
stage, displayed a limited hand motor recovery but showed a
stronger recovery in speech and language domains. The lack of
correlation between initial FM-UE score and ASRS recovery also
indicates that speech-language recovery is not well-predicted by
degree of initial motor impairment (Table 6). These observations
do not support the straightforward proposition by Primaßin et al.
(23) about the role of the motor cortex in speech and language
processes. Instead, our findings show that the role of the motor
cortex in speech-language networks still remains unclear and that
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its specific involvement in speech and language processes needs
further examination (16, 72).

It could be argued that although a correlated recovery pattern
was found, the differences in the relative amount of change
between domains could imply that speech-language recovery
exploited resources at the expense of hand motor functions.
Admittedly, such an interpretation cannot be totally ruled out.
However, the overall pattern with correlated recovery ratios at
the individual level, supported by the even more significantly
correlated behavioral score result at the follow-up compared to
the initial assessment (in Table 4), suggests no signs that there
was a competition for resources. It should be acknowledged
that beside the shared plasticity mechanisms suggested to be
present, other factors undoubtedly also have an impact on the
recovery process. As seen in Table 2 and Figure 1, several of
the participants suffered from deep subcortical lesions, affecting
important white matter tracts. It is known that lesions to specific
white fiber tract often results in poorer recovery in different
domains, such as the integrity of the arcuate fasciculus for speech-
language function (73, 74) and the corticospinal tract for hand
motor function (75, 76). The role of white matter damage in
relation to shared plasticity mechanisms is beyond the scope of
this study and needs to be addressed in studies designed for that
purpose with a larger sample of patients.

Prediction of AOS Recovery
Recovery of AOS was not predictable based on lesion volume, age
or the initial FM-UE score result. While the initial impairment
level measured by the ASRS could explain about 50% of the
variation, the strongest predictor for AOS recovery was the total
score at the initial A-NING assessment. This score summarizes
language production and comprehension in both spoken
and written modalities. Why would such a global measure of
language performance predict the recovery of AOS, defined as
a motor speech disorder, better than the initial ASRS score?
As one possible explanation, our finding could be interpreted
by considering contemporary neurocomputational speech
production models, e.g., the Gradient Order DIVA (GODIVA)
model (77, 78), which includes both feed-forward and feed-
back processes. Although AOS traditionally refers to motor
planning and programming processes, a clear boundary between
linguistic and motor speech processes is not admitted (79). Since
speech production is a sensorimotor behavior that depends
upon monitoring of input from one or more sensory systems
(80), improvement of planning and programming speech
motor movements requires that the underlying linguistic and
phonological representation of the target word/phrase is intact.
This theoretical argument is supported by (clinical) findings that
the severity of an accompanying aphasia may hinder successful
AOS treatment (2). Early arm and hand motor impairment was
not predictive of ASRS recovery (Table 7). As can be seen in
Table 3, more than half (60%) of the participants in this study
sample had a very severe hand motor impairment with zero
or near zero points on the FM-UE at the first assessment. This
group showed a substantial variability in ASRS recovery and
outcome. Still, when comparing recovery of ASRS and FM-UE

at an inter-individual level (Figure 2B), these follow the same
recovery pattern; i.e., participants with a limited amount of
change in FM-UE also showed a just as limited amount of change
in ASRS, and participants with a larger amount of change in
FM-UE also recovered accordingly in ASRS.

LIMITATIONS

This study has several limitations. First, it should be noted that
the results on prevalence of AOS and aphasia stem from a group
of patients with initial upper limb motor impairment. Although
the presence of a right sided hemiparesis is considered as very
common in post stroke patients with non-fluent aphasia and
AOS, our results do not hold for the general stroke population.
Secondly, all participants included in the recovery analyses
received team-based rehabilitation, with three to five sessions
a week of physiotherapy and speech-language therapy during
the period. The exact dose and frequency of therapy sessions
extent were however not controlled for in this study. However, no
participant received any form of specific high intensive therapy,
e.g., participated in a period of Intensive Language Action
Therapy (81) or in Constraint-Induced Movement Therapy for
the upper extremity (82). Thirdly, the recovery in AOS and
aphasia was described in a small sub-sample of patients which
inevitably limits the statistical strength in the performed analyses.
It should also be acknowledged that the sensitivity to change
may differ among the applied behavioral assessment instruments.
The results should therefore be interpreted with some caution
and recovery across speech-language and hand motor domains
needs to be further investigated in a larger patient sample. Finally,
we acknowledge that our findings do not offer any explanatory
answers. Instead, we hope that our observations may serve as
a basis for future studies in this area; to identify important
prognostic factors and for improvement of targeted treatment
interventions for patients with AOS.

CONCLUSIONS

Despite the limited sample size, original longitudinal data
was provided including descriptions of both motor and
speech/language impairments. Recovery was similar across
speech-language andmotor domains, even in patients with severe
impairment, supporting the shared recovery hypothesis. Future
studies including neuroimaging and/or biological assays will
permit to gain further knowledge on the shared neural substrates
and mechanisms involved in recovery across motor and speech-
language domains.
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