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Introduction

Stroke is a leading cause of adult disability, leaving 30% 
to 66% of patients with lasting motor impairment.1,2 It 
has long been proposed that motor recovery following 
stroke is a form of relearning3,4 and that there is consider-
able overlap between the brain regions involved in both 
processes.5-7 However, while acquiring skill at a task 
may allow a patient to perform at the same level as an 
individual with lesser impairment, this does not neces-
sarily make them equal. For example, well-recovered 
stroke patients can match the performance of healthy 
controls on a motor task, but differences exist in the neu-
ral networks that underlie performance for each group.8 
Furthermore, matched performance does not necessarily 
imply that both groups have the same ability to continue 
improving given the opportunity for practice. These dif-
ferences can complicate judgments regarding patients’ 
capacity to return to work and other activities,9 and 

which rehabilitation activities they should focus on. In 
this article, we propose that acquiring skill through motor 
training raises a similar issue—a patient who has trained 
on a task may “appear better,” masking categorical dif-
ferences in his or her abilities. Consider two hypothetical 
patients—Patient A, who has mild motor impairment, 
and Patient B, who is more severely impaired. Patient A 
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performs better in a movement task than Patient B. 
Patient B then trains at the task, reaching the same per-
formance level as Patient A. If Patient B is now equal to 
Patient A, he or she should have a similar capacity for 
further improvement with training. If this is not the case 
(eg, if Patient B has reached a performance plateau 
beyond which further training has a limited effect), then 
a categorical difference remains between these patients 
despite their matching task performance.

In comparison to healthy individuals, stroke patients 
select slower voluntary movement speeds when performing 
movement tasks.10 As speed and accuracy are inherently 
linked,11 a confound arises when comparing the accuracy of 
movements performed at different speeds. This limitation 
makes it difficult to interpret previous results, such as cases 
where patients improve their accuracy yet decrease their 
speed.12 In such cases, it is impossible to determine whether 
a patient improved his or her ability to perform the task 
(through skill acquisition) or whether he or she simply 
changed the aspect of performance on which they focused 
(eg, sacrificed speed for accuracy while remaining at the 
same overall level of ability). The only way to disambiguate 
these alternatives is to first derive the speed-accuracy trade-
off function (SAF13) for a given task; participants are 
required to complete the task in a fixed time, allowing  
accuracy to be measured without the confounding effects of 
differences in speed. Once derived, skill represents a shift in 
the SAF.13-15

Here we introduce a serial voluntary isometric elbow 
force task, a modified version of the serial voluntary iso-
metric pinch task (SVIPT). This task is based on an estab-
lished laboratory-based model of motor learning in which 
participants learn to control a cursor by producing isometric 
forces.13-19 In the task used in the present study, participants 
controlled a cursor by exerting forces with their elbow 
flexor muscles, allowing comparisons of performance 
across participants with greater ranges of impairment than 
would be possible with the standard (hand controlled) 
SVIPT paradigm. To control for differences in movement 
speeds across groups, performance was assessed by com-
paring the speed-accuracy trade-off pre and post training, 
using measures of task-level performance (ie, binary suc-
cess/failure to complete all specified aspects of the task)13-18 
and trial-level measures of endpoint error and variability.20 
We predicted that the severity of a participant’s motor 
impairment would limit his or her ability to perform the task 
and that training may allow him or her to achieve a similar 
level of performance as an individual with lesser impair-
ment. However, we hypothesized that despite their match-
ing performance, there would be a categorical difference 
between these individuals; the previously untrained partici-
pant with lesser impairment would be able to make large, 
rapid improvements through training, while the trained par-
ticipant would not.

Methods

Participants

A total of 30 participants took part in the study (see Table 1). 
Participants were required to successfully complete a Mini-
Mental Status Examination with a score ≥27/30, excluding 
participants with potentially confounding cognitive defi-
cits.21 Stroke survivors with cerebellar lesions and/or ataxia 
were excluded from the study. All participants had a mini-
mum biceps voluntary contraction strength of 44 N to pro-
vide a suitable range for measurement with the experimental 
apparatus.

Stroke patients were split into 2 groups according to 
their upper extremity Fugl-Meyer score (ueFMS).22 In 
accordance with previously defined groupings,22-24 “mild-
to-moderate” patients had a ueFMS ≥50/66 (n = 10; average 
ueFMS: 60/66), and “moderate-to-severe” patients had a 
ueFMS <50/66 (n = 10; average ueFMS: 31/66). The con-
trol group (n = 10) consisted of able-bodied participants 
with no neurological impairments. There were no statisti-
cally significant differences between groups for participant 
age (one-way ANOVA, F

2,27
 = 0.37, P = .70), or handed-

ness, defined as the dominant hand before the stroke in 
patients (Fisher’s exact test, P = .31). The study was 
approved by the Johns Hopkins Institutional Review Board, 
and all subjects gave written informed consent in accor-
dance with the declaration of Helsinki.

Apparatus

Participants sat in a robotic exoskeleton25 that supported their 
(affected) arm in the horizontal plane (Figure 1A), with the 
shoulder in 45° of transverse flexion and the elbow in 90° of 
flexion. Participants controlled the task by exerting isometric 
forces with the elbow flexor muscles, measured using a force 
transducer.26 Participants were required to control the hori-
zontal position of an on screen cursor (Figure 1B). Contracting 
the elbow flexors moved the cursor rightwards, while relax-
ing moved it back toward the “Home” position. Participants 
aimed to stop the cursor within each target in the sequence 
“Home-1–Home-2–Home-3–Home-4–Home-5.” The task 
was designed as a modified version of the SVIPT.13-19 
Controlling the task with the elbow flexor muscles allowed 
inclusion of patients with poor hand control.

In accordance with previous studies using this paradigm, 
a logarithmic transformation of force to cursor movement 
increased task difficulty.13 The relationship between cursor 
position and applied force was scaled to the maximum vol-
untary contraction (MVC) of each participant, as calculated 
on the day of the pretraining skill assessment. Movement 
was scaled such that a contraction of 30% of the individu-
al’s MVC would displace the cursor by 30 cm from the 
home position (ie, to the far right of the visual display; see 
Supplementary Figure III for further illustration of the 
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positions of the targets and their boundaries). This scaling 
procedure controlled for differences in participant strength, 
ensuring that failure to complete the task would be due to 
control (rather than strength) deficits.

Procedure

The study comprised 3 phases (Figure 1C): a pretraining 
skill assessment (determining the baseline speed-accuracy 
trade-off), a training intervention (allowing participants to 
become skilled at the task), and a posttraining skill assess-
ment (determining whether training changed the speed-
accuracy trade-off).

Skill Assessments

To assess skill we determined the speed-accuracy trade-off, 
measuring accuracy at fixed execution speeds. Participants 
were instructed to aim to move the cursor to targets in time 

with a metronome, with the instruction that each beat of the 
metronome should correspond to hitting one of the targets. 
One block of the task comprised completing 10 trials at a 
fixed tempo (the experiment involved blocks completed at 
9 different tempos, 24/30/38/45/60/80/100/110/120 BPM, 
corresponding to approximate trial durations of 12.5/10.0/ 
7.9/6.7/5.0/3.8/3.0/2.7/2.5 seconds, respectively). Blocks 
were completed in a pseudorandom order (to prevent order 
effects) until 10 trials were collected for each of the 9 tem-
pos. This procedure was repeated twice, providing a total of 
20 trials per tempo.

Training

Participants completed 4 training sessions on consecutive 
days, each comprising 5 blocks of 30 trials. Each training 
session took participants approximately 30 minutes to com-
plete. In contrast to the skill assessments, we instructed par-
ticipants to complete training trials at a self-selected pace, 

Table 1.  Participant Informationa.

Group Age Sex ueFMS Arm Tested Years Poststroke Stroke Type Lesion Location

Healthy control 28 Female 66 Dominant [R] N/A N/A N/A
  70 Male 66 Dominant [R] N/A N/A N/A
  66 Male 66 Dominant [L] N/A N/A N/A
  61 Female 66 Nondominant [L] N/A N/A N/A
  58 Female 66 Nondominant [L] N/A N/A N/A
  58 Male 66 Nondominant [L] N/A N/A N/A
  51 Female 66 Nondominant [L] N/A N/A N/A
  64 Female 66 Nondominant [L] N/A N/A N/A
  55 Female 66 Nondominant [L] N/A N/A N/A
  47 Male 66 Dominant [L] N/A N/A N/A
Mild-to-Moderate 74 Male 66 Dominant [R] 5 Hemorrhagic L Frontal
  66 Male 66 Nondominant [L] 9 Hemorrhagic R Frontal/parietal
  60 Male 65 Dominant [R] 2 Ischemic L Frontal
  75 Male 64 Dominant [R] 4 Ischemic L Frontal
  43 Female 61 Nondominant [L] 8 Hemorrhagic R Parietal
  57 Male 59 Nondominant [L] 1 Ischemic R Medulla
  64 Male 58 Dominant [R] 4 Ischemic L Putamen
  21 Male 58 Nondominant [L] 2 Ischemic Frontal
  66 Male 57 Nondominant [L] 3 Ischemic R Pons
  58 Female 56 Nondominant [L] 4 Hemorrhagic R Frontal
Moderate-to-severe 28 Female 43 Dominant [R] 4 Ischemic L Pons
  69 Male 43 Dominant [R] 3 Ischemic L Frontal/parietal
  54 Male 40 Nondominant [L] 15 hemorrhagic R Frontal/putamen
  67 Male 33 Dominant [R] 3 Ischemic L Thalamus
  43 Male 30 Nondominant [L] 2 Ischemic L Temporal/putamen
  28 Female 30 Dominant [R] 10 Hemorrhagic L Frontal
  55 Female 21 Nondominant [L] 5 Hemorrhagic R Thalamus
  51 Female 21 Nondominant [L] 12 Hemorrhagic R Frontal/parietal
  70 Female 21 Dominant [R] 11 Ischemic L Frontal/parietal/thalamus
  63 Male 13 Nondominant [L] 11 Hemorrhagic Rt Putamen

Abbreviations: ueFMS, upper extremity Fugl-Meyer score (maximum score = 66); L, left; R, right.
aThere were no significant differences between groups for age, sex, or handedness as assessed prior to stroke (see main text).
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with the aim of completing each trial as quickly and as accu-
rately as possible.13 Participants were verbally encouraged 
to attempt to improve their speed and accuracy prior to each 
block, and rested for 2 minutes between blocks to prevent 
fatigue.

Analysis

Previous studies using the paradigm on which the current 
task is based have predominantly employed binary perfor-
mance measures; success is achieved by hitting all targets,13-18 
and an average error-rate is calculated by dividing the num-
ber of successful trials by the total number of trials in the 
block. This provides a useful task-level index of performance, 
but it has limited sensitivity. For example, when attempting 
to hit the bullseye on a dartboard, a binary measure (hitting 
the target) would not detect improvement if a participant 
missed by an average of one meter before training, then by an 

average of one centimeter after training. We therefore per-
formed both a task-level assessment of success using a binary 
success/failure metric (empirically measuring the speed-
accuracy trade-off) and also examined more detailed mea-
sures including error magnitude, cursor endpoint variability, 
and the number of targets the participant attempted to hit, 
providing more sensitive trial-level metrics.20

Skill Assessments.  Task-level success was defined as moving 
the cursor inside each of the 5 targets.13-18 We used a mixed-
design ANOVA examining 3 factors: the 2 within-participant 
factors of duration and session, and the between-participant 
factor of group. Between-group effects were compared 
using separate 

RM
ANOVAs for each session (factors dura-

tion and group). Within-group comparisons were conducted 
using separate 

RM
ANOVAs (factors session and duration). 

We conducted planned comparisons on trial duration for 
each group using paired samples t tests.

Figure 1.  Experimental setup and procedure. (A) Participants sat with their (affected) arm supported by a robotic exoskeleton. 
A force transducer measured contractions of their elbow flexors. (B) On screen display. Contracting the elbow flexors moved the 
cursor (white circle) to the right, while relaxing moved the cursor to the home position (grey square). A “go” indicator (used in 
training trials) indicated to participants that they could begin a trial when ready (illustrated here as a green circle). Each trial involved 
navigating the cursor through the sequence Home-1–Home-2–Home-3–Home-4–Home-5. Target positions and sequence order 
remained fixed throughout the study. (C) Procedure. Participants first completed a pretraining skill assessment, performing the task 
at trial durations set by an auditory metronome (indicated by tempos presented in beats per minute—see main text for further 
detail). One “run” of the task involved completing 10 trials at each tempo in a pseudorandom order. This procedure was repeated 
to generate 2 runs of data (ie, a total of 20 trials for each tempo). Participants later trained to perform the task over consecutive 
days, aiming to complete the sequence as quickly and as accurately as possible. Finally, on a separate day, participants completed a 
posttraining skill assessment.
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Mean Group Skill.  We examined whether each group of par-
ticipants represented a separate population in terms of skill 
performance pre and post training. We calculated the mean 
error rate (ie, averaged across all 9 trial durations) for each 
participant and conducted a mixed-design ANOVA with 
factors of session and group. In a further analysis, we boot-
strapped 10 000 mean group resamples, with replacement. 
Data from each participant contributing to a resample was 
entered into both the pre and post training sample esti-
mates, providing a repeated-measures test. For example, 
when resampling the control group, we took the 10 original 
participants from the group and randomly selected 10 par-
ticipants that would contribute to the resample (allowing 
the same participant to be present multiple times within a 
resample). We then calculated the mean error rate both pre 
and post training for this resampled group. This process 
was repeated until we had generated a pool of 10 000 mean 
values from such resamples. We calculated 95% confi-
dence intervals by taking 2.5 and 97.5 percentiles from this 
process.27 This resampling analysis provides the additional 
benefit of controlling for the presence of participants that 
are not statistical outliers, yet may be considered to repre-
sent extreme values within their groups. For example, the 
mild-to-moderate group contained 2 stroke patients with 
ueFMS values of 66/66. While these scores would appear 
to indicate these patients have no motor impairment, an 
alternate view is that these patients may have motor impair-
ments to which the ueFMS is not sensitive, but may be 
revealed by more sensitive examinations of their motor 
capabilities (such as the present task). A key benefit of 
resampling with replacement is that this process includes 
samples wherein these potentially extreme values are both 
overrepresented (samples in which they were randomly 
selected for inclusion >2/10) or absent (samples in which 
they were not randomly selected for inclusion), allowing us 
to determine whether their presence or absence changed 
the results of the study.

Trial Endpoint Errors.  Magnitudes of errors made when 
attempting to hit each target were measured as the shortest 
distance from the cursor endpoint to the outer boundary of 
the corresponding target (consistent with errors participants 
observed during the task). Attempts falling within the target 
boundaries thus had 0 cm error. If a participant omitted a 
target then 0 cm error was assigned; we took this conserva-
tive approach as another analysis examined omission errors 
(see supplementary materials), and because omitting a tar-
get is fundamentally different from attempting to move to it 
and missing. Error within each trial was summed and ana-
lyzed using a mixed-design ANOVA with factors duration, 
session, and group. We conducted similar analyses for vari-
ability (see supplementary materials). A further analysis 
considered the magnitude of errors for each individual tar-
get (see supplementary materials).

Training Data.  Previous studies have combined speed and 
accuracy data to assess “skill” throughout training.13-18 
However, such a comparison here would not be valid due to 
differences in the baseline SAF for each group (see discus-
sion and supplementary materials). We instead conducted 
separate mixed-design ANOVAs on durations and error 
rates, with a within-subject factor day and a between-sub-
ject factor group. Planned t tests compared mean perfor-
mance for subsequent days. We made no comparisons 
between group “deltas” (ie, comparisons of percentage or 
absolute change from baseline across groups) to avoid con-
founding differences in baseline performance.28

Results

Task Skill Assessments

The mixed-design ANOVA comparing error rates revealed 
a significant duration × session × group interaction, 
F

16,216
 = 3.49, P < .001. Between-group comparisons were 

conducted using separate mixed-design ANOVAs for 
each skill assessment.

Participants With Greater Motor Impairment Had Less Skill Pre 
and Post Training.  In the pretraining skill assessment  
(Figure 2A), error rates were greater when participants 
completed trials with shorter durations (mixed-design 
ANOVA, main effect of duration, F

8,16
 = 145.01, P < .001). 

Participants with greater motor impairment also made more 
errors that varied depending on trial duration (group × dura-
tion interaction, F

16,216
 = 12.58, P < .001). Control partici-

pants were more accurate than mild-to-moderate patients 
for durations from 3.8 to 12.5 seconds (all P < .05), and 
more accurate than moderate-to-severe patients for dura-
tions from 3.0 to 12.5 seconds (all P < .05). Mild-to-moder-
ate patients were more accurate than moderate-to-severe 
patients for durations from 3.0 to 12.5 seconds (all P < .05).

The posttraining skill assessment identified similar 
effects. Error rates were greater when trial durations were 
shorter (mixed-design ANOVA, main effect of duration, 
F

8,16
 = 147.17, P < .001). Participants with greater motor 

impairment again made more errors dependent on the trial 
duration (duration × group interaction, F

16,216
 = 4.58,  

P < .001). Control participants were more accurate than 
mild-to-moderate patients for durations from 3.75 to 12.5 
seconds and from 2.5 to 2.7 seconds (all P < .05), and more 
accurate than moderate-to-severe patients for all durations 
(all P < .05). Mild-to-moderate patients were more accurate 
than moderate-to-severe patients for durations from 3 to 10 
seconds (all P < .05).

All Groups Performed Better in the Posttraining Skill Assess-
ment.  Figure 2B presents pre versus post comparisons of 
performance for each group. Control participants were able 
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to reduce their error rates across the entire range of trial 
durations examined (

RM
ANOVA, effects of session, F

1,9
 = 

16.69, P < 0.01, and duration, F
8,72

 = 95.53, P < 0.001, but 
no significant session × duration interaction, F

8,72
 = 1.43, P 

= .20; this indicates differences were not driven by any par-
ticular duration—planned pre vs post comparisons for each 
trial duration were all P < .05).

Participants with mild-to-moderate impairment were 
able to improve their performance across some (but not all) 
trial durations (

RM
ANOVA, significant session × duration 

interaction, F
8,72

 = 2.46, P < .05). Mild-to-moderate patients 
improved over durations from 2.7 to 10.0 seconds (all P < 
0.05), but not at the fastest or slowest durations tested (2.5 
seconds/12.5 seconds, both P > .18).

Participants with moderate-to-severe impairment 
improved their performance over a limited range of trial 
durations (

RM
ANOVA, session × duration interaction, F

8,72
 

= 7.00, P < .001). Moderate-to-severe patients improved 

their performance only at the slower movement durations 
from 5.0 to 12.5 seconds (all P < .05), but not the faster 
durations from 2.5 to 3.75 seconds (all P > .3).

Training Increased Patient Skill to the Level of an Untrained Group 
With Less Impairment.  The mixed-design ANOVA examining 
mean error rates revealed significant main effect of session, 
F

1,27
 = 52.23, P < .001, but no session × group interaction, 

F
2,27

 = 0.16, P = .99. Figure 3 presents the resampling analy-
sis of mean error rates in skill assessments. Distributions 
indicate each group represented a separate population before 
and after training (Figure 3A and B). Notably, there was con-
siderable overlap between posttraining performance of some 
groups with pretraining performance of others (see Figure 
3C). Posttraining moderate-to-severe patients did not differ 
from pretraining mild-to-moderate patients. Similarly, post-
training mild-to-moderate patients did not differ from the 
pretraining healthy controls.

Figure 2.  Task-level skill assessment results and training data distributions. Open and closed shapes show group average 
performance before and training, respectively. (A) Between-group comparisons of performance before (left) and after (right) training, 
highlighting significant differences in group performance for both sessions. (B) Within-group comparisons of performance pre and 
post training for the control, mild-to-moderate impairment, and moderate-to-severe impairment groups, respectively. (C) Histograms 
showing the average number of times that participants completed training trials at a particular speed. Error bars present SEM.
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Training Reduced Cursor Endpoint Error.  Figure 4A illustrates 
the effects of training on cursor endpoint errors. Participants 
made larger errors on faster trials (mixed design ANOVA, 
main effect duration, F

8,216
 = 38.10, P < 1 × 10−36), and 

greater impairment exacerbated this effect (duration × 
group, F

16,216
 = 5.099, P < 1 × 10−8). All participants made 

smaller errors following training (main effect of session, 
F

1,27
 = 9.55, P < .005) across a range of trial durations (dura-

tion × session interaction, F
8,216

 = 2.312, P < .05), though 
error magnitudes were still higher in participants with 
greater impairment (session × group, F

2,27
 = 3.93, P < .05), 

particularly when completing faster trials(duration × session 
× group interaction, F

16,216
 = 2.578, P < .01).

Figure 4B illustrates the pattern of endpoint positions 
across the 3 groups. A post hoc analysis (see supplementary 
materials) indicated that participants made larger errors when 
attempting to hit targets closer to the home position (ie, those 
targets that required the execution of smaller, more precise 
isometric forces). Both speed and impairment exacerbated 
the magnitude of these errors, while training reduced them.

Training Data

Participants Reached a Plateau in Performance During Train-
ing.  Training performance is presented in Figure 5. Dur-
ing training sessions participants completed the task at 

Figure 3.  Estimates of group mean error rates during SAF assessments. Estimates were generated from 10 000 resamples of the 
data for each group. (A) Pretraining estimates of mean error rates. (B) Posttraining estimates of mean error rates. Note that A and 
B illustrate that each group are separate populations both before and after training. (C) Overlays of the pre and post training data; 
95% confidence intervals are presented above the distributions, illustrating significant differences between groups and sessions. 
Note that posttraining performance for the moderate-to-severe group overlaps pretraining performance for the mild-to-moderate 
group, and that the posttraining performance for the mild-to-moderate group overlaps pretraining performance for the healthy 
control group.
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self-selected speeds. With training all groups started to 
complete trials at faster speeds, though this did not differ 
across groups (mixed-model ANOVA, main effect of day, 
F

1,3
 = 6.12, P < .01, but no day × group interaction, F

2,6
 = 

1.61, P = .15). There was a significant reduction in trial 
duration between days 1 and 2, t

29
 = 2.35, P < .05, a trend 

for reduction between days 2 and 3, t
29

 = 2.04, P = .051, 
and no significant change between days 3 and 4, t

29
 = 0.18, 

P = .86. There was also a difference in speed between 
groups (main effect group, F

2,27
 = 10.29, P < .001). Trial 

durations for the control group were significantly shorter 
than those of the mild-to-moderate group (P < .05) and the 
moderate-to-severe group (P < .001). The mild-to-moder-
ate group had significantly shorter trial durations than the 
moderate-to-severe group (P < .05).

In contrast, error rates did not differ with training 
(mixed-design ANOVA, no effect of day, F

1,3
 = 0.73, P = 

.54), or across groups (no main effect of group, F
2,27

 = 
1.94, P = 0.16, and no day × group interaction, F

2,6
 = 0.68, 

P = .67). Planned comparisons between subsequent days 
indicated no differences in error rates (all t < 1.8). Planned 
between-group comparisons indicated no significant dif-
ferences in error rates between healthy controls and patients 
with mild-to-moderate impairment (P = .86), the healthy 

controls and the moderate-to-severe group (P = .12), or the 
mild-to-moderate and the moderate-to-severe groups  
(P = .08).

Discussion

The present study examined the ability of chronic stroke 
patients to learn a motor task with their paretic arm, and 
compared their performance with healthy controls. We con-
trolled for changes in performance attributable to moving 
along baseline SAFs (eg, improving accuracy by decreasing 
speed) by assessing performance at fixed trial durations in 
skill assessments. Pretraining assessments indicated all 3 
groups had different SAFs, with greater impairment associ-
ated with an inferior SAF. All groups improved their perfor-
mance with training as evidenced by shifts in the SAF; 
however, posttraining comparisons still indicated clear 
between-group differences in performance. More detailed 
trial-level measures identified that all groups improved their 
performance in the same manner—by reducing the endpoint 
error and variability of their movements. A resampling anal-
ysis indicated that trained patients were able to match the 
untrained baseline performance of patients with lesser 
impairment. Critically, data from training indicated that 

Figure 4.  Endpoint error magnitudes and cursor endpoint positions. (A) Within-group comparisons of pre and post training 
endpoint errors, illustrating the significant effects of trial duration and session on performance. Error bars present SEM. (B) Average 
cursor endpoint positions for the 3 groups. Squares show group average endpoints for the different targets, represented by the 
correspondingly colored shaded regions. Numbers above shaded regions denote target number.
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trained patients had reached a plateau in their performance. 
Therefore, despite their matched performance, a categorical 
difference remained between these groups; the untrained 
groups could make large, rapid improvements with training 
that the trained groups could not.

The present study operationalized skill as a SAF.13-19 
During training participants improved their speed in com-
pleting the task; during skill assessments, where trial dura-
tion was fixed, this translated to increased accuracy after 
training. Comparisons of performance across training indi-
cate participants reached a performance plateau during the 
study (large reductions in trial durations between days 1 and 
2 of training, smaller changes from days 2 to 3, and no dif-
ferences between days 3 and 4). This plateau is consistent 
with previous studies that have found training leads to ini-
tial rapid gains in performance, but that as participants gain 
experience with a task further training only leads to smaller, 
gradual improvements.29,30 The level of performance at 
which this plateau in learning occurred was affected by the 
severity of motor impairment; healthy controls reached a 
plateau with a greater level of performance than mild-to-
moderate stroke patients, who in turn reached a plateau with 

a greater level of performance than moderate-to-severe 
patients. Notably, the posttraining performance of the mod-
erate-to-severe group did not differ from pretraining base-
line performance of the mild-to-moderate group (see 
overlapping dark red and light blue distributions in Figure 
3C), and the posttraining performance of the mild-to-mod-
erate group did not differ from the pretraining performance 
of healthy controls (see overlapping dark blue and light yel-
low distributions from Figure 3C). From this it could be 
argued that training led the moderate-to-severe group to be 
equal to the mild-to-moderate group, and that further train-
ing would allow both groups to reach the same level of per-
formance as healthy controls. However, the trained patients 
had reached a performance plateau by day 3 of the study, 
whereby further training had a negligible effect on perfor-
mance. In contrast, the groups that had not yet trained still 
had the capacity to make rapid improvements through 
motor learning. This categorical difference between the 
trained and untrained groups indicates that training to 
acquire the same level of performance as a group with less 
impairment does not make the groups equivalent. This is 
because the mechanisms underlying performance—being 

Figure 5.  Performance during training. Each maker presents the group mean for a block (30 trials) of training data. (A) Group 
average movement times over training indicate movement times plateaued on day 3 of training (ie, no significant difference between 
days 3 and 4). (B) Mean group error rates showed no change over the course of training. Error bars present SEM.
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impaired and acquiring skill as opposed to having less 
impairment—are not the same.

Baseline performance differences across impairment 
levels prevent comparisons of the amount learned by one 
group versus another. In our view, such analyses are con-
ceptually fraught. For example, assessing performance 
changes using the difference between baseline and post-
training performance would suggest all groups learned to 
an equal extent; in contrast, calculating the percentage 
change from the baseline would suggest patients with mod-
erate-to-severe impairment learned more. Thus, arbitrary 
model selection could lead to differing results.28 
Furthermore, there is considerable evidence that the rela-
tionship between training and performance is nonlinear; as 
people become increasingly skilled they require more 
training to achieve small gains in performance.31 Here we 
avoided this conceptual pitfall by comparing absolute lev-
els of performance rather than normalized changes. We 
conclude that all groups improved their performance of the 
task through skill acquisition, but the final level of perfor-
mance each group achieved was still affected by their 
motor impairment.

The task-level measure used in skill assessments exam-
ined performance with a binary metric, insensitive to more 
subtle improvements in performance. Trial-level analyses 
revealed improvements in endpoint precision and variabil-
ity following training; such improved quality of control is 
typically observed in skill acquisition.20,32-35 However, 
despite this improvement in movement control, patients’ 
performance remained proportional to the severity of their 
impairment. This suggests that chronic patients can learn 
and improve control within a task,36 but this is not necessar-
ily enough to change more coarse (ie, task-level success/
failure) measures of performance.

Strengths and Limitations

The present study employed principles developed using an 
established laboratory-based skill task to study motor learn-
ing in stroke. Modifying this task to use the elbow flexor 
muscles (as opposed to the hand) allowed the inclusion of 
patients with a wide range of neurological impairment. 
Controlling for differences in the speed-accuracy trade-off 
also allowed separation of changes in skill from changes in 
the way the task was performed (ie, prevented participants 
from slowing down to increase their accuracy). Furthermore, 
distinguishing between task-level success and more detailed 
trial-level metrics is an important advance for studying 
motor control in stroke, and for the interpretation of results 
of this task. Here, trial-level metrics revealed increases in 
endpoint precision/decreases in variability that drive 
changes in task-level measures of success or failure. Such 
2-tier analysis allows a greater depth of interpretation of 
how motor learning changes performance.

The present study used an established laboratory-based 
paradigm to conduct a finely controlled investigation of 
motor learning capacity in both chronic stroke patients and 
healthy controls. Notably, the primary goal of the task was 
to assay motor learning rather than to approximate func-
tional relevance. However, we anticipate that the skill learn-
ing processes studied here would also apply to the learning 
of more ecologically relevant tasks.

Our patient sample spanned a wide range of impairment, 
including 2 patients with ueFMS of 66/66. It could be 
argued that the inclusion of patients with “no impairment” 
may compromise the study. In contrast, we view this as a 
strength of the present investigation, as it allowed us to 
study motor learning in patients with a full range of impair-
ment (ie, a ueFMS of 66/66 does not rule out impairments 
in learning). Furthermore, the resampling analysis included 
randomly generated samples in which these patients were 
completely absent, indicating that their inclusion did not 
change the empirical result of the study.

The present result examined motor learning over a rela-
tively short (4-day) period. This was sufficient to show that 
a patient can train to match the performance of an untrained 
individual with less impairment. Even if subthreshold 
changes in performance occurred beyond the plateau identi-
fied on days 3 to 4, the small magnitude of such changes is 
consistent with our central point; an untrained patient can 
make rapid and significant improvements in comparison to 
a trained patient. It could be proposed that training over sev-
eral months or years could lead to greater improvements 
and that the brain may still be undergoing training-induced 
changes. That said, longer studies based on motor learning 
principles have shown limited impact in chronic stroke.37-40 
In contrast to the relatively static levels of impairment seen 
in chronic stroke, there is evidence that spontaneous bio-
logical recovery early after stroke can lead to substantial 
improvements in patient’s neurological motor function.41-45 
Recent evidence in a mouse model indicates that initiating 
training during the period early, but not later, after stroke 
leads to a greater improvements than would be expected 
through spontaneous biological recovery alone.46 Future 
investigations will determine whether training early after 
stroke can be similarly beneficial in humans.47-49

Clinical Implications

Models of motor rehabilitation propose that motor recovery 
following stroke is a form of relearning.3,4 Our results indi-
cate that motor learning allows stroke patients with a wide 
range of impairment to improve their performance of a 
trained task with their affected arm. Patients improved in 
the same manner as healthy controls (ie, through learning to 
control the cursor with increased precision/reduced vari-
ability), indicating the same behavioral processes underlie 
improved performance in all groups. This illustrates that as 
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long as a patient can perform a task at baseline, he or she 
should have a capacity to improve at the task with training. 
However, despite a preserved ability to learn through motor 
training, the overall level of performance patients were able 
to achieve was still affected by their motor impairment. 
This indicates that studies in patients with chronic stroke 
should focus on training functionally relevant tasks to the 
limit allowed by impairment and/or on teaching compensa-
tory strategies.50

Previous imaging work has indicated that chronic stroke 
patients may achieve levels of performance that match 
healthy individuals, yet differing neural networks underlie 
this performance.8 We have previously argued that such dif-
ferences complicate decisions regarding capacity to return 
to work and other activities9 and can affect decision making 
when focusing the target of rehabilitation interventions. 
Results of the present study indicate that the acquisition of 
motor skill can lead to similar problems in assessing the 
capabilities of patients. A patient who has trained on a task 
on which he or she is assessed may have performance equal 
to that of an individual with lesser impairment. However, 
this does not mean that these patients are now equal, as evi-
denced by the difference in their abilities to improve with 
training. This should be considered when determining the 
rehabilitation activities they should focus on and taken into 
account when assessing a patient’s ability to return to work 
and other activities.9

Conclusions

In conclusion, we compared the effects of motor training 
in healthy individuals and chronic stroke patients with 
different levels of impairment. We controlled for the per-
formance confound (ie, reducing speed to improve accu-
racy) by assessing performance at fixed trial durations, 
allowing detection of changes in motor skill (ie, shifts in 
the speed-accuracy trade-off). Patients improved their 
performance through skill acquisition in a manner analo-
gous to healthy controls (ie, increased precision/reduced 
variability). Training improved patient performance to 
the same level as the untrained baseline of a group with 
less impairment. However, over the course of the training 
sessions each group reached a performance plateau 
whereby more practice did not lead to further improve-
ment. Our results indicate that chronic stroke patients can 
improve the control of their paretic arm through motor 
learning, yet remain categorically different to untrained 
individuals who have the same level of performance but 
with lesser impairment.
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