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Background

Each year, ~12.2 million people worldwide suffer stroke1 
and 55% to 75% experience persistent sensorimotor defi-
cits (ie, >6 months post-stroke2). Sensorimotor recovery 
relies on the inherent plasticity of the nervous system.3,4 
At the behavioral or task level, motor recovery refers to 
the return of movement patterns present before injury, 
while motor compensation involves alternative movement 
patterns for task accomplishment.5 Sensorimotor recovery 
relies on motor learning principles such as repetitive goal-
directed practice, use of sensory information to adapt and 
form new movement patterns related to the task and the 
environment,4,6,7 and the manipulation of task difficulty 
according to motor skill level. Recovery has also been 
linked to individual cognitive capacity,8 but details about 
the relationship between motor learning and cognition still 
need elucidation.

In addition to sensorimotor deficits, ~65% to 70% of 
stroke survivors have cognitive deficits.9 Motor learning 
and cognition engage many inter-related neural compo-
nents.10,11 Cognitive processes important to adapt move-
ments to changes in task and environmental conditions4 

include sensory information interpretation,12 response 
selection (executive function),13 direction and maintenance 
of attention,14 and memory.15,16

Executive function deficits affect planning, initiation of 
goal-directed activities, and problem-solving related to task 
or environmental changes.4,17 Attention deficits may 
decrease mental flexibility, impair concentration, and affect 
processing information from multiple sources (ie, dual-
tasking).18 Memory problems may affect intake, storage, 
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and retrieval of information, such as using feedback to 
adapt subsequent movements.19

Cognitive impairments may hinder motor learning by 
diminishing error perception and movement pattern adapta-
tion.20,21 Motor learning involves 3 phases: acquisition, 
retention, and transfer.13 Acquisition is the initial period of 
skill practice. “Strategic” or “cognitive” learning occurs 
early in acquisition and is characterized by rapid perfor-
mance improvement. “Consolidation” occurs later as newly 
learned motor skill becomes stable.22 Cognitive learning 
involves the dorsolateral prefrontal cortex and posterior 
parietal cortex (PPC), while consolidation is mediated 
through a corticostriatal loop involving the striatum and 
supplementary motor areas.23 Changes in motor behavior at 
the end of acquisition characterize motor improvement. 
Retention, or the automization phase,22 requires demonstra-
tion of the new motor skill after a delay without further 
practice and is related to increased activity in primary motor 
cortex, premotor cortex, and the PPC.23 Retention testing 
can reveal whether long-term or permanent changes in 
motor behavior due to training have occurred24 and is essen-
tial to motor learning studies.13 In the absence of retention 
testing, investigators can only identify changes in motor 
behavior, not whether motor learning has occurred. The 
transfer test evaluates the generalizability of newly learned 
skills and identifies if skills can be applied in a different 
context than that practiced during acquisition.24 Successful 
performance of the learned motor skill at retention and 
transfer characterizes motor learning.

Motor learning can be classified as explicit or implicit. 
Explicit learning is conscious, requires declarative knowl-
edge, and can be tested through recall or recognition.4 It 
relies on feedback about desired motor behavioral changes 
brought to conscious awareness of the learner. Implicit 
learning is unconscious and characterized by motor skill 
automaticity. It relies on the provision of feedback about the 
result of the movement from which learners can adapt 
behaviors to improve subsequent movements. Determination 
of the most appropriate type of motor learning for people 
with cognitive deficits requires an understanding of the 
cognitive demands of explicit and implicit learning. While 
both explicit and implicit learning involve memory and 
executive function,25,26 explicit learning requires additional 
attentional resources.27

Motor learning can be quantified by improvements in 
functional outcome measures including kinematics/kinetics 
(ie, endpoint performance, movement quality, and force) 
and clinical scales.5 Endpoint performance is described by 
trajectory speed, precision, and straightness, while move-
ment quality is described by individual joint and segment 
(ie, trunk) ranges, spatial and temporal inter-joint coordina-
tion, and muscle activation patterns.5,28

Previous reviews have focused on post-stroke cognitive 
impairments,21,29 cognitive rehabilitation,30 and the 

relationship between cognitive impairments and motor 
recovery.31 However, the relationship between cognitive 
impairments and responsiveness to training has been  
poorly studied, and the use of brief screening tools has  
been criticized as being insufficient to identify subtle cog
nitive impairments.21,29 Previously, in a small number of 
studies (n = 6), significant associations were found between 
executive function/attention and arm motor recovery.31 
Clarification of the role of cognitive deficits in recovery and 
relearning of motor skills was recommended, particularly 
related to specific types of motor learning and feedback. 
Therefore, the objective of this review was to determine the 
effect of cognitive impairments on motor learning in people 
with stroke. A scoping review was done to chart and synthe-
size the existing motor learning literature, as well as to iden-
tify gaps in knowledge for future studies.32 A scoping, 
instead of a systematic review, was chosen because of the 
small number of studies in the literature. Specific goals 
were to determine: (1) how motor learning is studied in 
individuals with post-stroke cognitive impairments; (2) 
how cognitive impairments are assessed; (3) which cogni-
tive domains impact motor learning. A better understanding 
of the role of cognitive impairments after stroke on motor 
learning may have practical implications for rehabilitative 
practice to improve sensorimotor recovery.

Methods

The review was conducted using the checklist for the 
Preferred Reporting Items for Systematic reviews and 
Meta-Analyses extension for Scoping Reviews (PRISMA-
ScR33), and guidelines proposed by Arksey and O’Malley,34 
Levac et al,35 and Peters et al.36 Literature from 4 databases 
up to July 2024 were searched: MEDLINE (1946-2024), 
Embase (1966-2024), Embase Classic (1947-2024), and 
PsycINFO (1967-2024; Table 1). After duplicate removal, 2 
reviewers (CR, MCCL) selected studies meeting inclusion 
criteria based on title and abstract screening. A third 
reviewer (MFL) resolved conflicts, if present. Studies were 
included if they: (1) declared or implied that they investi-
gated the relationship between cognitive impairments and 
motor learning; (2) were in English; (3) included a stroke 
group; (4) used a motor learning task; (5) included a control 
group; and (6) included a quantifiable clinical test of cogni-
tion. Studies were excluded if they: (1) involved pediatric 
patients; (2) included non-human participants; (3) were 
book chapters, dissertations, protocols, reviews, conference 
papers, abstracts, or case studies. Two authors (CR and KD) 
extracted relevant information from the studies.

One author (CR) independently evaluated the risk of bias 
of each study using the Newcastle-Ottawa Scale (NOS37) 
and the Risk of Bias2 (RoB2) Tool.38 The NOS assesses the 
quality of non-randomized studies in terms of design, con-
tent, and ease of use. where a score of 0 to 4 indicates a high 
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risk of bias, and 5-6 and 7-9 refer to moderate or low risk of 
bias, respectively.39 RoB2 assesses the quality of random-
ized trials in 5 domains: (1) randomization; (2) deviations 
from the intended intervention; (3) missing outcomes; (4) 
outcome measurement; and (5) results.40 Studies classified 
with a low risk of bias must have a low rating in all domains, 
whereas studies classified as having some concern or a high 
risk of bias should have a concern or high risk in at least 1 
domain, respectively.38

Results

Search Results

Of the 450 studies identified, 334 were removed during 
duplicate screening, 32 by title screening, 53 by abstract 
screening, and 17 by full-text screening. Five studies were 
added to full-text screening through reference screening, 
resulting in 19 studies (Figure 1).

Characteristics of Selected Studies

Among the 19 selected studies, 7 had pre-post designs,41-47 
7 were randomized control trials (RCT),20,48-53 3 were cross-
sectional studies,54-56 1 was a non-randomized control 
trial,57 and 1 was a randomized crossover study.58 Two stud-
ies were pilot studies.45,57 A total of 440 patients with stroke 
were included and sample sizes ranged from 9 to 59 sub-
jects. Stroke chronicity varied from 6 days to 3.9 years post-
stroke (Table 2).

Methodological Quality

Tables 3 and 4 describe the methodological quality of the 
included studies. Based on the NOS, none of the non-ran-
domized studies had high risk of bias. Three studies had a 
moderate risk, and the remaining 9 had a low risk. Based on 
the RoB2, 1 study had a high risk of bias, 1 study had some 
concerns, and the remaining 4 RCTs had a low risk.

Methodologies Used for Studying Motor 
Learning in Individuals With Post-Stroke 
Cognitive Impairments

Nine studies addressed motor improvement since they did 
not include a retention or transfer test43,45,46,48,49,53-56 and 10 
were true motor learning studies.20,41,42,44,47,50-52,57,58 
Amongst the 9 motor improvement studies, 4 examined 
implicit,43,46,57,58 and 5 examined explicit learning45,47,48,53,54 
(Table 5). Amongst the 10 motor learning studies, 2 exam-
ined implicit,41,52 and 4 examined explicit learning.44,47,50,57 
The remaining 4 studies examined both implicit and explicit 
learning20,42,51,58 (Table 5).

Motor Task

Four motor improvement studies used a virtual environ-
ment to practice serial reaction time,55 asymmetrical 
bimanual coordination,43,46 or visually guided reaching,56 
and 1 study evaluated elbow flexion error corrections.54 In 
4 other motor improvement studies, training involved a 

Table 1.  List of Medical Subject Headings (MeSH) and Keywords That Were Selected Including Variant Terms for Motor Learning, 
Humans, Stroke, and Cognition.

Context Keywords MeSH terms

Motor learning Motor learning (exp.)
Motor skills

Motor skills

Human Humans
Older adults
People

Humans
Aged

Stroke Stroke (exp.)
Cerebral vascular accident

Stroke

Cognitive factors Cognition
Mental function
Attention
Executive function
Memory
Orientation
Perception
Thinking
Cognitive impairment
Cognitive deficit
Perceptual impairment
Perceptual deficit

Cognition
Attention
Executive function
Memory
Orientation
Perception
Thinking
Cognitive disorders
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Figure 1.  PRISMA flowchart describing the study selection process.
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novel approach such as robotic upper limb training,49 com-
bined cognitive and motor training,45 problem-oriented 
willed-movement therapy,53 or gait training with visual 
biofeedback.48

Three motor learning studies included a motor task in a 
virtual environment in which participants practiced a serial 
reaction time,42 continuous cursor tracking41 or visuomotor 
rotation adaptation tasks.51 Seven studies required partici-
pants to practice different activities including robotic gait 
training,50 repetitive reaching,20,44,57 balance board stabili-
zation,52 affected leg loading,47 wheelchair transfers, and 
using a sock-donner.58

Outcome Measures

In all motor improvement studies, all patients improved in 
the motor task, regardless of cognitive status. Six studies 
used endpoint kinematic measures43,46,48,54-56 and 3 used 
clinical scores to describe motor improvement.45,49,53

Four motor learning studies evaluated endpoint kinemat-
ics derived from motion analysis technology20 or the train-
ing program,41,42,51 while 2 evaluated force output.47,52 One 

study used a ratio describing successful learning58 and 3 
reported clinical scores.44,50,57

Acquisition

Four motor improvement studies consisted of 1 practice 
day,48,54-56 while in the remaining studies, practice ranged 
from 3 to 40 days.43,45,49,52 Although 7 studies specified the 
type and delivery of feedback used,43,46,48,49,51,54,56 none 
compared different feedback types.

Four motor learning studies involved 1 practice 
day.41,42,47,51 The remaining 6 studies included 7 to 40 prac-
tice days.20,44,50,52,57,58 Three studies specified how feedback 
was delivered,58 and 2 of these compared effects of different 
feedback types on motor learning.20,52 Motor and clinical 
improvements after reaching training with Knowledge of 
Performance (KP) feedback about upper limb movement 
patterns were related to better memory, mental flexibility, 
and planning.20 However, all patients with stroke, regard-
less of cognitive status, benefitted from Knowledge of 
Results (KR) feedback about reaching precision. Similarly, 
patients with severe attention deficits training on a balance 

Table 3.  Methodological Quality of Selected Studies Based on the Newcastle-Ottawa Scale (NOS).

Reference

Adequate 
case 

definition
Representative-
ness of the cases

Selection of 
controls

Definition 
of controls

Comparability 
of cases and 

controls
Ascertainment 
of exposure

Same 
ascertainment for 
cases and controls

Non-
response 

rate Total
Level of 

bias

Al-Dughmi et al41 1 1 1 1 2 0 1 1 8 L
Arikawa et al42 1 1 1 1 1 1 1 0 7 L
Boe et al44 1 1 1 1 1 0 1 1 7 L
Dancause et al54 1 1 1 1 2 0 1 0 7 L
Dirnberger et al55 1 1 1 1 2 0 1 0 7 L
Eschweiler et al45 1 1 1 1 1 0 1 1 7 L
Gathy et al43 1 1 1 1 1 0 0 1 6 M
Gerardin et al46 1 1 1 1 0 1 1 1 7 L
Lowrey et al56 1 1 1 1 0 0 1 0 5 M
Malouin et al47 1 1 1 1 2 0 1 0 7 L
Mount et al58 1 1 1 1 1 0 1 1 7 L
Skidmore et al57 1 1 1 1 0 0 1 0 5 M

Note. The NOS is a tool for meta-analyses and systematic reviews that assesses the quality of non-randomized studies for their design and content. A low risk of bias (L) is 
represented by a NOS score of 7 to 9. A moderate risk of bias (M) reflects a NOS score of 5 to 6 and a high risk of bias (H) is indicated by a NOS score of 0 to 4.

Table 4.  Methodological Quality of Selected Studies Based on the Risk of Bias 2 (RoB 2) Tool.

Aprile et al49
Bergqvist 

et al50
Binyamin-Nester 

et al51
Cirstea 
et al20

Kettlety 
et al48

Tang 
et al53

Domain 1: Randomization process Some concerns Low Some concerns Low Low Low
Domain 2: Deviations from the intended intervention Low Low Low Low Low Low
Domain 3: Missing outcomes Low Low Low Low Low Low
Domain 4: Measurement of outcomes High Low Low Low Low Low
Domain 5: Selection of reported results Low Low Low Low Low Low
Overall risk of bias judgement High Low Some concerns Low Low Low

Note. A low risk of bias (Low) is indicated when the study is judged to be at low risk of bias for all domains. A rating of “Some concerns” is given when the study is judged 
to be of some concern in at least 1 domain. A rating of high risk of bias (High) indicates that the study is judged to be at a high risk of bias in at least 1 domain or that it is 
judged to have some concerns for multiple domains in a way that substantially lowers confidence in the result.
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board task benefitted more from KR feedback about move-
ment outcome than KP feedback on movement patterns.

Retention

Most motor learning studies had 1 follow-up (90%) while 1 
study included 3 follow-up assessments (10%).50 The time 
to the retention test was related to the acquisition phase 
duration, varying from a short 10-minute washout to 
6 months post-acquisition.

Assessment of Post-Stroke Cognitive 
Impairments

Studies used a variety of reliable and valid cognitive mea-
sures (Table 6). Most motor improvement studies assessed 
multiple cognitive domains (55.0%), while the remaining 
44.0% assessed global cognition with 1 assessment 
tool.46,49,53,56 The most frequently used tool was the Montreal 
Cognitive Assessment (MoCA; 50.0%), followed by the 
Mini Mental State Examination (MMSE; 25.0%), and the 
Oxford Cognitive Screening test (OCS; 25.0%).

Most motor learning studies used a valid and reliable 
cognitive test battery to measure multiple cognitive domains 
(80%), while the remaining studies used either the MoCA51 
or a portion of the Neurobehavioral Cognitive Status Exam 
to test memory.58

In all of the included studies, the cognitive domains 
assessed were executive function (eg, mental flexibility, plan-
ning, and problem-solving), attention (eg, processing speed, 
spatial attention, and reaction control), language, memory (eg, 
working, short-term, long-term, verbal, kinesthetic, and 
visuospatial), visuospatial perception, praxis, and orientation.

Cognitive Domains Impacting Post-Stroke Motor 
Improvement and Learning

Seven cognitive domains were examined across the studies 
(Table 6). Overall, memory was the most frequently 
assessed (89.5%), followed by attention (78.9%), and exec-
utive function (73.7%). Specific types of memory assessed, 
included short-term,20,42-44,46,48,49,51,54-57 long-term,45 work-
ing,47 and explicit.58 Two studies focused specifically on 
memory,47,58 while the remaining studies included a variety 
of domains to encompass global cognition and included 2 to 
6 cognitive domains.

Six motor improvement studies used correlations to 
determine if cognitive scores were related to motor abil-
ity,43,45,46,53,55,56 while 2 studies used multiple regression 
analysis.47,48 One study49 directly compared scores on cog-
nitive and clinical scales. Seven studies found significant 
relationships between cognitive status and motor perfor-
mance.43,45,48,49,53,54,56 General cognitive status was related 
to improvement on a motor ability scale following 

neurodevelopmental treatment in patients with varying 
chronicity (MMSE × Stroke Rehabilitation Assessment of 
Movement: r = .47, P < .0553). However, in the same study, 
MMSE scores were not related to motor improvement when 
training with problem-oriented willed-movement therapy 
(r = .10, P = .6353). General cognitive status was also related 
to improved bed mobility in acute patients receiving com-
bined cognitive and motor therapy (DemTect × Trunk 
Control Test [TCT]: t = 0.57, P = .00445), improved perfor-
mance on a visually-guided reaching task using the more-
affected arm in sub-acute patients (MoCA: r = −.39, 
P < .0556), and improved bimanual motor skill learning in 
chronic patients (MoCA: r = .72, P = .00343) . Eschweiler 
et al45 also determined that improvements in bed mobility 
were related to long-term memory (DemTect × TCT: 
t = 0.66, P = .001). Aprile et al49 demonstrated that patients 
with sub-acute stroke and cognitive deficits had reduced 
gains in upper limb impairment scores (Fugl-Meyer 
Assessment of the Upper Limb [FMA-UL]) and activities 
of daily living and mobility (modified Barthel Index [mBI]) 
after robotic upper limb training compared to patients with-
out cognitive deficits. Reduced gains were particularly 
prevalent in patients with deficits in spatial attention (mBI: 
P = .010; FMA-UL: P = .011), executive function (mBI: 
P = .006), language (FMA-UL: P = .037), and number writ-
ing (FMA-UL: P = .007). However, there were no differ-
ences between patients with and without cognitive 
impairments in improvements of muscle strength 
(OCS × Upper Limb Motricity Index: P = .133-0.886). 
Dancause et al54 observed that chronic patients with moder-
ate motor disability and executive function deficits used 
atypical movement strategies when correcting elbow flex-
ion movement errors (Wisconsin Card Sorting Test & Tower 
of London × FMA-UL). Kettlety et  al48 noted that visuo-
spatial/constructional skills, in combination with motor 
impairment, were associated with performance (repeatable 
battery of neuropsychology status [RBANS] × Fugl-Meyer 
Assessment of the Lower Limb × paretic leg propulsion 
error) during biofeedback training on a treadmill (r = .59, 
P = .0005) attention was associated with performance vari-
ability (RBANS × propulsion output: r = .17, P = .048), and 
language was related to use of visual biofeedback during 
the retention test (RBANS × propulsion maintenance: 
r = .27, P = .04). The remaining 2 motor improvement stud-
ies found no significant interactions between cognitive 
scores and changes in motor behavior in chronic patients.46,55

Four of the 10 motor learning studies42,44,47,51 used sim-
ple correlations to analyze the relationship between cogni-
tion and motor learning, while 5 used multiple regression 
analysis20,41,50,52,58 and Skidmore et al57 directly compared 
performance in participants with and without cognitive def-
icits.57 Eight studies found significant relationships between 
cognition and motor learning. Global cognition was related 
to motor learning in an explicit learning visuomotor rotation 
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adaptation task in patients with chronic stroke (MoCA: 
r = .44, P = .02051), while it was not related to changes in an 
implicit task (MoCA: r = .28, P = .15051). Global cognition 
was also not related to performance after constraint-induced 
movement therapy44 or robotic gait training50 but was related 
to deficits on the 6-metre walk test after conventional gait 
training in chronic patients (MoCA: 6-week follow-up: 
r = .39, P = .028; 6-month follow-up: r = .41, P = .03250). 
Executive function was related to motor learning during a 
continuous cursor tracking task in patients with chronic 
stroke (Trail-Making Test: r = .65, P = .01341). Working 
memory was related to loading on the more-affected leg 
with mental imagery in patients with varying chronicity 
(visuospatial: r = .83, P < .007; verbal: r = .62, P = .03; kines-
thetic: r = .59, P = .0447). Differences in learning between 
implicit and explicit conditions were related to attention 
(TMT-A: r = −.51, P = .042), but not to executive function 
(TMT-B: r = −.45, P = .82642) in a serial reaction time task.

Two motor learning studies found that cognitive deficits 
were related to decreased motor learning when training with 
movement quality-related feedback. Cirstea et al20 found that 
decreased movement segmentation (r2 = .95) and decreased 
precision variability (r2 = .94) were related to verbal memory 
(b = 1.52) and executive function, specifically mental flexi-
bility (b = −1.46) and planning (b = −0.65) in chronic stroke. 
Greater improvements in FMA-UL (r2 = .96, P < .050) and 
the Upper Extremity Function Test for the Elderly (TEMPA, 
r2 = .84, P < .050) were related to deficits in verbal (FMA-UL: 
b = −0.86) and visuospatial memory (FMA-UL: b = −1.85) 
and executive function (planning × FMA-UL: b = 0.71; plan-
ning × TEMPA: b = −0.88). Deficits in attention predicted 
motor performance with either an external or internal focus 
of attention (D2 Attention Test: Wald χ2 = 7.843, P = .049, 
external focus: b = −0.013, internal focus: b = 0.008) in acute 
patients.52 The remaining 2 motor learning studies found no 
significant interactions between cognitive scores and changes 
in motor learning on any outcome measure in patients with 
varying chronicity.44,57

Overall, in the motor improvement studies, executive 
function49,54 and memory (short-term and verbal54 and long-
term45) were most often related to motor improvement. In 
the motor learning studies, executive function20,41,50 and 
memory (verbal,20 working,47 and short-term51) were most 
often related to motor learning. Attention was related to both 
motor improvement and learning.49,51,52,54 The specific cog-
nitive domain that may impact or predict motor performance 
was not specified in 6 of the improvement/learning studies 
making it difficult to identify which cognitive domains 
influenced motor outcomes.

Discussion

Evidence of the association between cognitive impairments 
and motor learning after stroke is summarized. Most studies 

had a low risk of bias and studies used a variety of experi-
mental designs, outcome measures, and motor tasks, with 
sample sizes ranging from 9 to 59 patients. The most com-
mon cognitive domains assessed were memory and execu-
tive function, with short-term memory evaluated most 
often. Overall, results suggest memory and executive func-
tion deficits impair motor learning, especially when the task 
involves intrinsic feedback. However, due to inconsistent 
motor learning experimental designs and small sample 
sizes, conclusions about motor learning should be consid-
ered preliminary.

Association Between Specific Cognitive Domains 
and Motor Learning

Six studies used general cognitive screening tools such as 
the MoCA and MMSE to identify cognitive deficits. Both 
tools screen for global cognition, although MoCA is more 
sensitive to detecting cognitive impairments than MMSE.59 
General screening tools are thought to be insufficiently 
detailed to provide insights about an individual’s specific 
cognitive impairments21,60 and should mainly be used to 
identify whether further diagnostic testing is indicated.

A few studies indicated that attention deficits contrib-
uted to motor learning difficulties related to recovery. A pre-
vious meta-analysis found a moderate association between 
sensorimotor recovery and executive function and a weak 
association between recovery and attention.31 However, 
memory and recovery were not related. In contrast, there 
were strong associations between memory and improve-
ment in arm activity scores based on clinical scales (eg, 
Hyndman et al61). The discrepancy may be related to popu-
lations studied (ie, acute stroke61 and chronic stroke31).

Studies that found no relationships between cognitive 
status and motor learning used scores on clinical scales to 
identify learning (eg, Wolf Motor Function Test [WMFT]44 
and Action Research Arm Test [ARAT]57). Both WMFT and 
ARAT are valid and reliable upper limb activity scales. 
However, they do not specifically differentiate between true 
motor recovery and compensations since scores are mostly 
based on task success, without accounting for movement 
quality.28 Kinematics objectively measure changes in move-
ment patterns that can identify movement quality,62,63 and 
may be more sensitive to detecting associations between 
cognition and motor learning.20 However, movement qual-
ity indicators were absent from the reviewed studies. In a 
conference proceeding, Subramanian et al64 examined the 
influence of post-stroke cognitive impairments on the use 
of motor-related feedback to improve reaching in a 3D vir-
tual environment and a similar physical environment. 
Patients with stroke in the physical group with better mem-
ory and problem-solving improved endpoint movement 
speed, shoulder flexion, and elbow extension ranges while 
pointing to a target. Improvements in endpoint and 
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movement quality outcomes were related to better visuo-
spatial memory, problem-solving, and cognitive flexibility.

Two studies did not find any relationship between cogni-
tive status and motor improvement using reaction times55 or 
speed/accuracy trade-off of a reaching movement.46 
However, these studies did not measure improvements on 
clinical scales, making it difficult to relate kinematic out-
comes to functional improvements.

Motor Outcomes

Most studies used reliable and valid clinical scales to mea-
sure motor improvement during acquisition. Studies that 
reported kinematic variables focused only on endpoint per-
formance without characterizing limb movement patterns. 
Thus, they did not distinguish between true motor recovery 
and compensation at the movement quality level.5,28 Future 
studies should focus on this distinction, since improving 
movement with motor compensations can lead to learned 
disuse or reinforcement of undesirable movement patterns 
that may interfere with true motor recovery.65

Types of Motor Learning

Most studies used either implicit or explicit learning, while 
5 studies incorporated both types of learning. These studies 
found that deficits in attention,42 executive function and 
memory,20 or global cognition indicated by a low MoCA 
score51 were related to the use of explicit, but not implicit 
learning. These results are consistent with previous stud-
ies66,67 that suggested that explicit information impeded 
motor learning in post-stroke patients with cognitive defi-
cits, while patients were able to retain the learned motor 
skill longer when acquired implicitly.

The patients in the included studies generally had corti-
cal/sub-cortical stroke. Specific types of learning can be 
impacted by lesions in different brain areas (eg, basal gan-
glia for implicit learning67,68). For example, patients with 
stroke affecting different brain areas and cognitive pro-
cesses may have difficulty with implicit learning when 
explicit instructions are provided.67,68

Feedback

Less than half of the included studies specified the type and 
delivery of feedback used during training. This is important 
because there is a variety of feedback types available to 
optimize motor learning.69 Consideration of the type and 
delivery of feedback is necessary since cognitive impair-
ments may affect the ability to detect and integrate new 
movement information as changes in the task or environ-
ment arise20 and to store and retrieve relevant information.54 
This may be especially prevalent in those with deficits 
related to short-term memory.70 Kal et  al52 found that 

patients with lower attention scores had greater improve-
ments in task performance when extrinsic feedback was 
provided, while patients with better attention scores bene-
fitted more from intrinsic feedback.

Individuals with post-stroke cognitive impairments, par-
ticularly in short-term memory and attention, may benefit 
more from extrinsic feedback to learn a new motor task.71 
This and previous sections suggest that motor learning stud-
ies should consider lesion location as well as the type of 
learning and feedback to provide a better understanding of 
the relationship between lesion location, cognitive deficits, 
and motor learning.72

Retention Testing

Studies used a variety of delays for retention testing (ie, 
next day41,47,58 to 6 months50). The extent to which the 
learner retains improvement over the retention interval 
reflects the strength of learning and motor skill memory.73 
Retention and transfer tests should be conducted at least 
24 hours after practice for motor memory consolidation.24 If 
retention and transfer tests are conducted too early, increased 
fatigue and decreased motivation may affect results.

Generally, motor learning studies found that patients 
with post-stroke cognitive impairments particularly with 
explicit learning and using intrinsic feedback had fewer 
training gains compared to those without cognitive impair-
ments. Although the included studies purported to measure 
motor learning, only 10 of 19 studies used retention testing 
such that information about the effectiveness of learning 
should be interpreted with caution.43,45,46,48,49,53-56

Clinical Implications

Executive function and memory were related to functional 
motor performance in most studies. Cognitive impairments 
after stroke can profoundly influence the effectiveness of 
sensorimotor training and quality of life.74 The ability to 
understand and remember instructions, plan and initiate 
self-directed activities, and solve problems is impacted by 
cognitive impairments. Individualized treatment interven-
tions considering the patient’s cognitive deficits may 
improve intervention effectiveness. A detailed cognitive 
assessment can inform clinicians how to instruct their 
patient during training. For example, patients with memory 
deficits may struggle with a task requiring multiple sources 
of information. In addition, based on age-related declines in 
working memory, patients may have difficulty maintaining 
and manipulating information from a complicated motor 
task.75 Our results suggest that patients with cognitive defi-
cits may benefit more from training using implicit learning 
and that the most effective feedback delivery may differ for 
people with different cognitive deficits. For example, mem-
ory and executive function scores correlated with using KP 
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feedback to improve motor and clinical scores in people 
with chronic stroke.20 These cognitive processes are likely 
important for integrating movement-related information to 
adapt movements to task constraints. Therefore, patients 
with executive function and/or memory deficits would 
likely have problems using KP feedback for motor learning. 
However, there were no correlations between cognitive 
scores and improvements in endpoint precision which may 
be related to KR feedback requiring fewer cognitive 
resources.20 This suggests that clinicians should consider 
emphasizing KR over KP feedback for motor learning in 
post-stroke individuals with cognitive impairments.

Limitations

While the results shed light on which cognitive  
impairments impact motor learning after stroke, recom-
mendations should be carefully considered due to the small 
number of included studies and the variability in method-
ologies. Several studies had small sample sizes (Table 2), 
making it difficult to interpret results. Furthermore, few 
studies used retention testing making it difficult to general-
ize results to the greater stroke population. We did not 
compare motor learning in patients of different genders or 
having different levels of chronicity, separately for the 
affected versus unaffected limb, the upper and lower limbs, 
or tasks involving different levels of cognitive load. The 
suggestion that more visuospatial cognitive resources may 
be required for upper limb training21 requires further inves-
tigation. Other limitations are that the protocol was not 
prospectively registered, and that risk of bias assessments 
were evaluated by only 1 author.

Directions for Future Research

A better understanding of the relationship between cogni-
tion and motor learning after stroke is fundamental for 
improving sensorimotor recovery. Cognitive status and 
study design should be considered when designing inter-
ventions for sensorimotor recovery in people with stroke. 
Future studies should consider experimental designs with 
retention testing, using a combination of outcome measures 
including clinical scales and kinematics/kinetics, different 
cognitive loads on learning, and identification of specific 
cognitive impairments. As well, studies on the use of KR 
versus KP feedback may inform clinicians about how to 
provide feedback during training interventions for patients 
with cognitive deficits. Further studies about implicit learn-
ing and feedback related to endpoint movement (KR) or 
movement quality (KP) are needed to fully understand the 
relationship between the provision of KR versus KP feed-
back and motor learning for patients with post-stroke cogni-
tive deficits.
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