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Abstract

Background: Motor impairment in the arms is common after stroke and many individuals participate in therapy to
improve function. It is assumed that individuals with stroke can adapt and improve their movements using feedback that
arises from movement or is provided by a therapist. Here we investigated visuomotor adaptation in individuals with sub-
acute and chronic stroke.

Objective: We examined the impact of the stroke-affected arm (dominant or non-dominant), time post-stroke, and
relationships with clinical measures of motor impairment and functional independence.

Methods: Participants performed reaching movements with their arm supported in a robotic exoskeleton. We rotated the
relationship between the motion of the participant’s hand and a feedback cursor displayed in their workspace. Outcome
measures included the amount that participants adapted their arm movements and the number of trials they required to
adapt.

Results: Participants with stroke (n = 36) adapted less and required more trials to adapt than controls (n = 29). Stroke
affecting the dominant arm impaired the amount of adaptation more than stroke affecting the non-dominant arm. Overall,
53% of participants with stroke were impaired in one or more measures of visuomotor adaptation. Initial adaptation was
weakly correlated with time post-stroke, and the amount of adaptation correlated moderately with clinical measures of
motor impairment and functional independence.

Conclusion: Our findings reveal impairments in visuomotor adaptation that are associated with motor impairment and
function after stroke. Longitudinal studies are needed to understand the relationship between adaptation and recovery
attained in a therapy setting.
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Introduction everyday tasks.? Stroke rehabilitation often involves work-
ing with therapists to practice arm movements that are
important for activities of daily living. It is assumed that
individuals with stroke are capable of modifying their arm
movements using error feedback that arises from movement
or is provided by a therapist.>® This may be problematic as
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motor adaptation is reduced, on average, in chronic stroke
and impedes the ability to use error feedback to interact
with different objects and environments.” !

Visuomotor rotations are a common method for assess-
ing how the nervous system uses error feedback to adapt
arm movements. The rotation creates a systematic discrep-
ancy between the motion of the participant’s arm and a vir-
tual feedback cursor displayed in their workspace. The
resulting errors engage the nervous system in adapting arm
movements.'> Adapting to visual transformations may also
capture challenges encountered in daily life after stroke.
Many tasks, like using a computer mouse to move a cursor
or a mirror to facilitate grooming or dressing, alter the
relationship between arm movements and their visual
consequences.

Lesions in the left hemisphere of the brain reduce aver-
age levels of visuomotor adaptation in participants with
chronic stroke, whereas lesions in the right hemisphere
seem to have little influence on adaptation.®!° It remains
unclear if motor adaptation is impaired in the weeks and
months after stroke (i.c., early to late sub-acute phases of
recovery),'> when many individuals participate in rehabili-
tation. Beyond this, we have yet to establish the relationship
between visuomotor adaptation and motor impairment
measured by common clinical scales (e.g., Fugl-Meyer
Assessment — Upper Extremity, FMA-UE), as well as how
adaptation relates to difficulties performing activities of
daily living (e.g., Funtional Independence Measure, FIM).
Answering these questions will broaden our understanding
of stroke impairment within the time period that many
therapists work with patients.

Here we used a robotic task to assess visuomotor adapta-
tion in individuals with sub-acute to chronic stroke. First,
we hypothesized that participants with stroke would adapt
less and require more trials to adapt than controls. Second,
based on past studies,*'’ we expected that participants
affected in their dominant arm would adapt less and slower
than participants affected in their non-dominant arm.
Finally, we examined how adaptation related to time post-
stroke, and clinical assessments of motor impairment and
functional independence.

Methods

Participants

We recruited a convenience sample of participants with
stroke from rehabilitation units at the Foothills Medical
Centre and Dr. Vernon Fanning Centre in Calgary, AB,
Canada. Participants with stroke were also recruited from the
community after spending time at these facilities and con-
senting to be contacted for research post-discharge.'*!> Our
inclusion criteria were as follows: 18 years or older with
clinical diagnosis of first-time ischemic or hemorrhagic
stroke. Our exclusion criteria were as follows: prior diagno-
sis of secondary neurological conditions (e.g., Parkinson’s

disease), musculoskeletal injuries that could interfere with
the ability to perform the task, apraxia as identified by clini-
cal assessment,'® or the inability to understand instructions
for the task and clinical assessments.!” Control participants
were recruited from the University of Calgary and surround-
ing community.'*!> Controls were considered eligible if they
had no history of neurological conditions or recent upper
limb musculoskeletal injuries. The control and stroke sam-
ples were matched for overall age and sex. The study proto-
col was approved by the Conjoint Health Research Ethics
Board at the University of Calgary. Participants provided
written informed consent before the experiment.

Experimental Apparatus and Task

Participants made planar reaching movements while seated
with their arm supported against gravity by a robotic exo-
skeleton (Kinarm, Kingston, ON, Canada; Figure 1A). The
robot recorded shoulder and elbow joint motion and was
paired with a visual display that enabled participants to
interact with virtual targets while moving their arm in a near
frictionless environment. A small feedback cursor (0.8 cm
diameter) was displayed in the participant’s workspace
throughout the task (Figure 1B). Direct vision of the arm
and hand was occluded by a metal shutter.

The experimental task is shown in Figure 1B. We asked
participants to make accurate movements from the start
position to goal target. Trials were self-paced and began
when participants moved their feedback cursor into the start
position. Participants with stroke performed the task with
their more affected arm as this is the arm that typically
undergoes rehabilitation.'® Controls performed the task
with their dominant arm as studies have revealed similar
patterns of adaptation across both arms in healthy adults.!*?

The task was divided into baseline, adaptation, and wash-
out phases (Figure 1C). Participants performed 25 baseline
movements with the feedback cursor aligned with the tip of
their index finger (Figure 1C). The position of the feedback
cursor was rotated 30° counter-clockwise around the center
of the start position in the adaptation phase. As a result, for-
ward motion of the hand caused the feedback cursor to move
30° leftward of a straight line joining the center of the start
position and goal target (Figure 1C). Participants were
exposed to the rotation for 125 movements. The feedback
cursor was then unexpectedly re-aligned with the partici-
pant’s index fingertip in the washout phase. Participants per-
formed 25 movements to washout adaptation (Figure 1C).

Data Analysis

Adaptation was measured by quantifying the direction of
each participant’s hand movements at the start of every trial
(Figure 1D). The initial reach direction was calculated as the
angular deviation of the hand relative to a straight line con-
necting the centre of the start position and goal target at 150
ms after the onset of movement. This method has been used to
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Figure |. Experimental apparatus, protocol, and analysis. (A)
Kinarm exoskeleton robot. (B) General layout of the task.
Participants were instructed to guide a small white cursor between
two targets located in front of their body. Participants began each
trial by moving the feedback cursor into a central start position (2
cm diameter). After a brief hold period (750 *+ 500 ms, uniformly
distributed), a goal target appeared 10 cm directly in front of the
start position. The start target then disappeared. Participants
reached to the goal position and then briefly held their feedback
cursor in the goal (1000 ms). The start target then reappeared on
the visual display. (C) Experimental protocol. Participants began
with 25 baseline trials (cursor aligned to the tip of the index finger),
followed by 125 adaptation trials with a 30° counter-clockwise
visuomotor rotation, then finally 25 washout trials (cursor aligned
to index fingertip). (D) The initial reach direction on each trial was
calculated as the angular deviation of the hand relative to a straight
line connecting the targets at |50 ms after the onset of movement.
(E) Lesion overlap of all participants with stroke (neurological display
convention; n = 36). MNI coordinates (z-axis) are labeled below each
axial slice. Color bar shows the number of participants with damage
in each voxel (brighter intensity indicates more participants with
lesions in that region).

understand how healthy adults adapt their planned arm move-
ments to a visuomotor rotation while minimizing the role of
corrective movements.?! Initial reach directions were normal-
ized to the average of each participant’s baseline movements.
Initial Adaptation was defined as the average reach direction
during the first 3 blocks of the adaptation phase (5 trials/
block). Final Adaptation was defined as the average reach
direction during the last 3 blocks of the adaptation phase.
Movement variability was calculated throughout the baseline
phase (SD). Finally, the normative range of Final Adaptation
was defined as the interval that contained 95% of the control
sample. Using the lower limit of the range as a threshold, we
determined the number of trials that controls and participants
with stroke required to achieve 15 consecutive trials (3 blocks)
above this criterion. The first trial to meet the criterion was
taken as the number of trials that each participant required to
attain the level of Final Adaptation expressed by controls
(Trials to Adapt). Participants who did not meet this criterion
by the end of the adaptation phase were assigned a value of
125 trials (length of adaptation phase).

Normative ranges (containing 95% of control data) were
determined for Initial Adaptation, Final Adaptation, and
Trials to Adapt. Participants who scored outside the norma-
tive ranges were considered to have performed poorly on a
specific measure.!” The change in performance between
Initial and Final Adaptation (AAdaptation) was used to
quantify practice effects and the extent to which partici-
pants with lower performance in /nitial Adaptation adapted
by Final Adaptation (see Supplemental material 1).

Imaging and Lesion Delineation

Most participants with stroke underwent clinical MRI
(n = 30). The clinical MRI scans were taken 1 day [median,
range = 0-36 days] post-stroke-onset on a 1.5 T Siemens
or 3.0 T GE Medical Systems scanner. The scans were
acquired as part of standard acute stroke imaging protocols
at the Foothills Medical Centre.'”?>* Scans included
T2-weighted fluid-attenuated inversion-recovery (FLAIR),
diffusion weighted imaging (DWI), and apparent diffusion
coefficient (ADC) sequences. Participants with hemorrhagic
stroke also underwent susceptibility weighted imaging
(SWI) or gradient echo (GRE) sequences. A smaller portion
of participants with stroke received noncontrast CT (n = 6) at
1 day [median, range = 09 days] post-stroke onset using a
Siemens CT system or one of three GE CT scanners.? As
part of clinical care at Foothills Medical Centre, MRI is typi-
cally not performed if a well-defined infarct is seen on CT.!7-2

Stroke lesions were delineated by a trained assessor on
T2-FLAIR or noncontrast CT using MRIcron software
(https://www.nitrc.org/projects/mricron).?* The procedure
provided a volume of interest (VOI) describing the extent of
brain damage.?? For participants with MRI, DWI and ADC
images were used to identify areas of acute brain damage
due to ischemia. Either SWI or GRE sequences were used
to identify the extent of intracranial hemorrhage in the
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brain.?? Lesion delineations were verified by an experi-
enced stroke neurologist blinded to the purpose and results
of the study. The lesions were registered to Montreal
Neurological Institute (MNI) space using the ch2bet ana-
tomical brain template in MRIcron.?* Image registration
was performed using the clinical toolbox? in SPM12.2° We
avoided distortion and warping of the damaged tissue by
applying cost function masks to the areas damaged by
stroke prior to registration.”” The registered VOIs were
compared to the original images to ensure accuracy. The
VOIs were used to create an overlap map that characterizes
brain lesions in our stroke sample.

Clinical Assessments

Participants self-reported their dominant arm prior to stroke.
We acquired National Institutes of Health Stroke Scale
(NIHSS, assessment for stroke severity)?® scores performed
by the stroke neurologist as a part of standard clinical care
upon admission to the acute stroke unit.?3° All other clini-
cal assessments were performed by a certified research
therapist blinded to the purpose and results of the study
within 2 days [median, range = 0—11 days] of when partici-
pants performed the experimental task. The following
assessments were performed: Fugl-Meyer Assessment of
Motor Recovery — Upper Extremity Motor Assessment
(FMA-UE, assesses motor impairment of the arm and
hand),’! Chedoke-McMaster Stroke Assessment — Arm
Impairment Inventory (CMSA, measures motor impairment
in the arm),*? Thumb Localization Test (TLT, assesses for
proprioceptive impairment),>*> Modified Ashworth Scale
(MAS, assesses spasticity of the elbow flexors),** Montreal
Cognitive Assessment (MoCA, assesses for cognitive
impairment),>> conventional sub-tests of the Behavioral
Inattention Test (BIT, screens for hemispatial neglect),
and Functional Independence Measure (FIM, measures
independence in performing activities of daily living).?’

Statistical Analysis

Adaptation measures were compared across stroke and con-
trol groups using two-sample bootstrap hypothesis tests
(one-tailed, resampled 99 999 times with replacement).3%3?
The proportion of participants who performed poorly on
each adaptation measure were compared using chi-square
tests. Kruskal-Wallis H-tests were used to compare the
adaptation of control and stroke participants affected in
their dominant arm (dominant affected, DA), or non-dominant
arm (non-dominant affected, NDA). We also performed an
ANCOVA to rule out the influence of time post-stroke
on each adaptation measure. Chi-squared tests were
used to compare the proportion of controls, DA, and NDA
participants with stroke who fell outside of the normative
range for each adaptation measure.

The relationship between time post-stroke (days) and
measures of adaptation was assessed using Spearman’s

partial rank correlations (two tailed) to account for the side
of the stroke-affected arm. Spearman’s partial rank correla-
tions (two tailed)* assessed the relationship between clini-
cal assessments of motor impairment (FMA-UE), functional
independence (FIM) and each adaptation measure. Time
post-stroke was used as a covariate in this analysis. The
analysis was repeated using ordinary Spearman’s correla-
tions unadjusted for time post-stroke. P-values for statisti-
cal tests were corrected for multiple comparisons using
Bonferrroni-Holm methods.*! The corrected P-values are
presented throughout the text. The threshold for signifi-
cance was set to oo = .05. Analyses were performed using
custom scripts created in MATLAB 2018a (MathWorks,
Natick, MA).

Results

Visuomotor adaptation was examined in 36 participants
with stroke and 29 controls. We excluded 2 participants
with stroke who consented to the study, but were unable to
understand task instructions. Of the participants with stroke,
25 were inpatients in stroke rehabilitation units at the time
of assessment (sub-acute stroke). The remaining 11 partici-
pants completed the experiment after they had left the reha-
bilitation units (chronic stroke). Demographics and clinical
scores are displayed in Table 1. Lesion characteristics for
participants with stroke are shown in Figure 1E.

Visuomotor Adaptation Is Impaired After Stroke

Figure 2A shows a representative control, a participant with
stroke who performed poorly on the task, and a participant
with stroke who performed well on the task. Participants
made relatively accurate movements throughout the base-
line phase. Initial reach direction did not differ significantly
between stroke and control participants in the baseline
phase (bootstrap: P = .14). Participants with stroke dis-
played more variable baseline movements than controls
(bootstrap: P < .01).

Participants reached directly towards the target on the
first adaptation trial. Due to the rotation, forward hand
motion resulted in a leftward cursor deviation (i.e., counter-
clockwise) and the participants made a rightward correction
to direct their cursor to the goal target (Figure 2A). In Initial
Adaptation, the control participant adapted their initial
reach direction more than the representative participants
with stroke (Figure 2A). We found a similar result at the
group level (bootstrap: P = .01; Figure 2B and 2C). The
proportion of participants who performed outside of the
normative range did not differ significantly between stroke
and control participants (chi-square: X°(1) = 1.26, P = .26;
Figure 2C).

The representative control participant displayed near
complete adaptation to the rotation (Final Adaptation;
Figure 2A). The range of adaptation was more variable in
participants with stroke. Despite mild motor impairment,
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Table |I. Demographics and clinical characteristics of participants with stroke.

Demographics Control Stroke
N = 29 36
Age 59 [21-72] 58 [27-73]
Sex (F: M) 14:15 12:24
Handedness (L: R: Mixed) 4:25:0 3:32: 1
Clinical measures
Affected arm (dominant: non-dominant) 17:19
Stroke type (ischemic: hemorrhagic) 31:5
Days from stroke to robotic assessment 53 [14-1580]
Lesion volume (mL) 11.83 [.27-191.88]
NIHSS (/42) * 6 [1-24]
FMA-UE (/66) 60 [30-66]
CMSA = (/17) 5[3-7]
TLT = (/3) 0 [0-3]
MAS = (/4) 0 [0-3]
MoCA (/30) ' 26 [15-30]
BIT (/146) 142 [116—-146]
FIM (/126) 120 [88-126]

Demographic and clinical measures are presented as median [range]. National institutes of health stroke scale taken upon admission to stroke unit
(NIHSS), Fugl-Meyer assessment of motor recovery — Upper extremity (FMA-UE; normal = 66), Chedoke—McMaster stroke assessment — Arm

(CMSA; normal = 7), thumb localization test (TLT; normal = 0), modified ashworth scale (MAS; normal = 0; scale = 0,1,1+,2,3,4), montreal cognitive
assessment (MoCA,; impaired <26), behavioral inattention test (BIT; neglect =129), and functional independence measure (FIM; normal = 126).+ NIHSS
(national institutes of health stroke scale) was collected for 29 participants with stroke.H FMA-UE (Fugl-Meyer upper limb assessment) was collected
for 33 participants with stroke.tHH MoCA (montreal cognitive assessment) was collected for 30 participants with stroke.H BIT (behavioral inattention

test) was collected for 34 participants with stroke

one of the exemplar participants with stroke displayed
incomplete adaptation. The other representative participant
with stroke had moderate motor impairment but adapted to
a level similar to controls (Figure 2A). At the group level,
participants with stroke displayed an overall reduction
in Final Adaptation (bootstrap: P < .01; Figure 2D). A
greater proportion of participants with stroke performed
poorly compared to controls (chi-square: X?(1) = 7.84,
P < .01; Figure 2D).

Participants with stroke required more Trials to Adapt
(81 [5—125]) than controls (36 [3—125]; bootstrap: P < .01)
and close to half of the participants with stroke were unable
to adapt to the normative range (47%; Figure 2E). As
expected, only 2 controls were outside of this range (chi-
square: X°(1)=12.63, P < .01; Figure 2E). Collectively, the
participants with stroke adapted less and required more
Trials to Adapt than controls.

Final Adaptation Is Reduced When the
Dominant Arm Is Affected by Stroke

Figure 3A shows visible differences in adaptation between
individuals who were affected in their dominant arm (DA) vs
non-dominant arm (NDA). Initial Adaptation did not differ
significantly across groups (H-test: X?(2) = 5.68, P = .06).
There were no differences in the proportion of controls, DA,
and NDA participants with stroke who performed poorly on
this measure (chi-squared: all X?(2) = 1.26, P = .53).

Final Adaptation differed across groups (H-test: X?(2)
=9.96, P < .01) and was significantly lower in the DA
group relative to controls (bootstrap: P < .01), and DA
relative to NDA participants (P = .02; Figure 3B). Final
Adaptation did not differ significantly between NDA par-
ticipants and controls (P = .20). We also observed a sig-
nificant difference in the proportion of individuals who
performed poorly in Final Adaptation (chi-squared: all
X?(2) = 13.67, P < .01; Figure 3B). A greater proportion
of DA participants performed poorly compared to controls
(chi-square: X?(1) = 12.95, P < .01; Figure 3B).

The number of Trials to Adapt differed across groups of
controls, DA, and NDA participants with stroke (H-test:
X?(2) = 14.54, P < .01). DA and NDA participants did not
differ significantly in the number of Trials to Adapt (boot-
strap: P = .44), and both groups required more trials than
controls (both P < .01). The proportion of participants who
performed poorly on this measure also differed across
groups (chi-squared; all X?(2) = 12.63, P < .01). A larger
proportion of DA participants performed poorly on the Trials
to Adapt measure than controls (chi-squared: X?(1) = 10.16,
P < .01). ANCOVA analysis did not reveal any interactions
between time post-stroke and the stroke-affected arm for any
measure of adaptation (all P > .05).

Participants in the DA group scored significantly
lower on the FIM than NDA participants (bootstrap: P <
.01). Initial stroke severity (NIHSS: P = .49), motor
impairment (FMA-UE: P = .34; CMSA: P = .23),
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Figure 2. Hand paths, adaptation patterns, and bootstrap hypothesis tests. (A) Exemplar hand paths and standard deviation (shaded
regions) for a control (Final Adaptation = 91%), a participant with mild motor impairment and poor adaptation (Final Adaptation =
50%), and a participant with moderate motor impairment and good adaptation (Final Adaptation = 80%). The arrow represents full
adaptation (30° clockwise). (B) Adaptation curves for controls and participants with stroke. Adaptation data were smoothed with

a moving average filter (window length = 5; overlap = 4) and are presented as the mean (line) and SE (shaded regions). Initial reach
direction (measured in degrees) is plotted throughout trials in the baseline (B), adaptation (A), and washout (W) phases. Gray
regions indicate when Initial Adaptation and Final Adaptation were measured. Bootstrapped probability distributions (PD: red and blue),
cumulative distribution functions (CD), and hypothesis tests (C vs S; gray distributions) are shown for (C) Initial Adaptation, (D) Final
Adaptation, and (E) Trials to Adapt. The observed difference between controls and participants with stroke (Control (C) — Stroke (S),
black dot and dashed line) was evaluated against the null (gray PD and black CD). P-values are shown for (C) Initial Adaptation,

(D) Final Adaptation, and (E) Trials to Adapt. Bar plots represent the proportion of participants who performed poorly on each measure.

proprioception (TLT: P = .47), spasticity (MAS: P =.52),
and cognitive impairment (MoCA: P = .37; all bootstrap
hypothesis tests) did not differ significantly across DA
and NDA participants. BIT scores were worse in the NDA
group (bootstrap: P = .04). The difference in BIT scores
was perhaps unsurprising as hemispatial neglect typi-
cally arises from damage to the right parietal cortex and
most of our sample was right-hand dominant prior to
stroke (17/19 or 89% of NDA participants had right
hemisphere lesions).

Correlations With Time Post-Stroke

Spearman partial correlations revealed a weak negative
relationship between time post-stroke and /nitial Adaptation
when adjusting for the side of the stroke-affected arm (p i,
= —.36, P = .04; Figure 4A; Supplementary material 2).
There was no significant relationship between time post-
stroke and Final Adaptation (Ppartiar = 11, P=.54) or T rials
to Adapt (p, partial — -1, P =38). Qualitatively similar rela-
tionships were observed in the unadjusted correlations
(Supplementary material 3).
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Figure 3. Visuomotor adaptation curves and bootstrap
hypothesis tests examining the influence of the stroke-affected
arm. (A) Visuomotor adaptation curves for controls (C: red),
dominant arm affected participants with stroke (DA: cyan), and
non-dominant affected participants with stroke (NDA: black).
Adaptation curves were smoothed using a moving average
(window length = 5; overlap = 4) and show the group mean

(line) and SE (shaded regions). Initial reach direction (measured in
degrees) is plotted throughout trials in the baseline (B), adaptation
(A), and washout (W) phases. Gray regions indicate when Initial
Adaptation and Final Adaptation were measured. (B) Bootstrapped
probability distributions (PD (%)), cumulative distribution functions
(CD (%)), hypothesis tests (gray distributions, black dots, and
dashed lines), and the proportion of participants who performed
poorly are shown for Final Adaptation.

Correlations With Clinical Assessments

We performed separate Spearman partial correlations to
examine the relationship between each measure of visuo-
motor adaptation and motor impairment (FMA-UE). The
same analyses were used to examine the relationship
between visuomotor adaptation and functional indepen-
dence (FIM). FMA-UE scores did not correlate with Initial
Adaptation or Trials to Adapt when controlling for time
post-stroke (Table 2). However, there was a significant pos-
itive relationship between FMA-UE scores and Final
Adaptation (Table 2; Figure 4B; Supplementary material 2),
such that individuals with lesser motor impairment adapted
better to the rotation. FIM scores did not correlate with
Initial Adaptation or Trials to Adapt when controlling for
time post-stroke (Table 2). We did find a positive relation-
ship whereby greater functional independence was associ-
ated with greater Final Adaptation (Table 2; Figure 4C;
Supplementary material 2). Qualitatively similar results
were observed with Spearman’s correlations that were not
adjusted for time post-stroke (Supplementary material 3).

Discussion

Motor adaptation is thought to be important for understand-
ing the health and function of the nervous system across a
variety of contexts including stroke rehabilitation.3* We
used a robotic task to profile impairments in individuals
ranging from 14 days to roughly 4 years post-stroke
(median = 53 days). The task imposed a systematic discrep-
ancy between hand motion and a feedback cursor displayed
in the participant’s workspace. The task engages adaptation
processes in healthy adults that are reduced in chronic
stroke.®!! Out of 36 participants with stroke, 25 were within
6 months post-stroke (sub-acute stroke) and participating in
rehabilitation. The results reveal widespread impairment in
visuomotor adaptation after stroke.

Visuomotor Adaptation After Stroke

The results highlight the heterogeneity of visuomotor adap-
tation and the utility of robotic technologies in quantifying
impairments after stroke. Impairment levels ranged from
0-47% on individual parameters, with 53% of participants
with stroke displaying impairment in one or more measures
of visuomotor adaptation. Despite a significant reduction in
Initial Adaptation at the group level, the participants with
stroke did not perform poorly enough to be classified as
impaired based on the range of control data.

Impairments in Final Adaptation (31%) and Trials to
Adapt (47%) were common amongst participants with stroke.
The results are consistent with the finding that the ability to
adapt to visuomotor rotations®!! or forces applied to the arm
during point-to-point reaching movements’*>* is reduced in
chronic stroke. The findings are also broadly consistent with
skill learning studies that revealed a reduction in the ability to
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learn motor sequences,'*!> navigate through virtual environ-

ments with varying accuracy demands,*** and track moving
stimuli with the arm after stroke.*

Participants with stroke were most extensively impaired
in the number of repetitions they required to adapt (81 trials
vs 36 trials in controls). Close to half of the participants
(47%) did not attain normal levels of adaptation after per-
forming 125 movements in the rotation. While we do not
know the relationship between the number of trials an indi-
vidual requires to adapt and the number of functional move-
ments required to reduce motor impairment in therapy, it
does lead one to consider the following. Therapy is a
resource intensive process. Knowing the number of trials
that each participant needs to adapt may provide a means to
adjust for an individual’s needs while minimizing the cost
of therapy.

The Importance of Arm Dominance and Side
of the Lesioned Hemisphere for Visuomotor
Adaptation

Arm dominance, recovery, and the side of the lesioned hemi-
sphere have received considerable attention after stroke.
While some studies report better functional and strength
gains in the dominant arm after therapy*’ and less motor
impairment in DA participants,*® other research has reported
little difference in motor and functional recovery.*’ We did
not observe significant differences in stroke severity
(NIHSS), motor (FMA-UE, CMSA), sensory (TLT) or cog-
nitive impairment (MoCA) between DA and NDA partici-
pants in our sample. We did note greater functional
independence (FIM) in the sample of NDA participants
(9 point difference between NDA and DA participants).
Average levels of Final Adaptation were reduced in DA
participants compared to NDA participants and controls.
This finding is consistent with research in chronic stroke
that reported selective impairment in visuomotor adaptation
following left-hemisphere damage in right-hand dominant
participants.® The majority of our sample was right-hand

dominant prior to stroke (89%) and we found similar results
when limiting our analyses to these participants
(Supplementary material 4). Despite normal levels of Final
Adaptation, NDA participants required more Trials to Adapt
than controls. Larger studies may better inform how clini-
cians account for arm dominance and the side of hemi-
spheric damage in stroke therapy.

Visuomotor Adaptation and Time Post-Stroke

We observed a negative relationship between time post-
stroke and Initial Adaptation when accounting for the side
of the stroke-affected arm. This suggests that participants
who were farther from the date of their stroke adapted less
within the first 15 trials of being exposed to the rotation.
The relationship was weak, however, and likely shaped by
other factors, including variation in the location and size of
stroke lesions, and impairments in other facets of sensory,
motor, and cognitive function. Another possibility is that
changes in motor impairment influence motor adaptation
when assessed at different time points after stroke.
Longitudinal studies are needed to determine the relation-
ship between motor adaptation, time post-stroke, and motor
impairment during therapy (see Limitations for further
discussion).

Relationship Between Adaptation and Clinical
Assessment

The robotic measures of adaptation were not only useful in
identifying impairments in motor adaptation, but Final
Adaptation was also related to motor impairments
(FMA-UE) and function (FIM). The relationships between
motor adaptation, motor impairment, and functional inde-
pendence are consistent with studies in motor sequence
learning,!*!34¢ reaching,’® elbow force production,’ and
force-field adaptation,”*>* ranging from a single session to
several weeks of training. We build upon research in motor
skill learning by showing that deficits in visuomotor
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Figure 4. Scatter plots of (A) Time Post-Stroke vs Initial Adaptation, (B) FMA-UE, and (C) FIM scores vs Final Adaptation. Individual
participant data is coded based on the side of the stroke-affected arm. Vertical dashed lines indicate the maximum achievable score

for FMA-UE and FIM assessments.
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adaptation are also linked with independence in performing
activities of daily living.*®

It is worth noting that FMA-UE and FIM varied greatly
in how they related to Final Adaptation. Some participants
expressed mild motor impairment but adapted poorly to the
rotation (FMA-UE = 63; Final Adaptation = 50%; Figure
2A), and others with moderate motor impairment performed
well on the task (FMA-UE = 42; Final Adaptation = 80%;
Figure 2A). Similar results were noted for the FIM. Neither
measure was associated with Initial Adaptation or Trials to
Adapt. Thus, while the extent to which participants adapted
was related to levels of motor impairment and function,
how quickly individuals adapted was not. This may reflect
different underlying processes and brain structures that con-
tribute to Initial and Final Adaptation.” Another important
consideration is that the FIM does not consider nor penalize
compensatory strategies that may emerge after stroke (e.g.,
increased use of the less or unimpaired arm in daily activi-
ties). Thus, some participants may adopt compensatory
behaviors that allow them to score higher on the FIM
despite impairments in motor adaptation.® In short, impair-
ments in adaptation are complex and seem to depend on the
interplay of a number of factors related to stroke.

Implications for Stroke Rehabilitation

The ability to adapt arm movements based on error feed-
back is an important component of stroke rehabilitation
with potential to serve as a biomarker of stroke recovery.’
The growing impetus for quantitative biomarkers of stroke
impairment has been paired with acknowledgment that the
ability to identify impairments may help to inform therapy
decisions.>® We observed that 53% of the participants with
stroke that we tested had deficits in visuomotor adaptation.
The assessment of motor adaptation deficits is not typically
performed in a therapy setting because we lack standard-
ized bedside tools to perform these assessments.

There are currently no treatment options that accommo-
date for deficits in the ability to modify movements using
error feedback. This is perhaps unsurprising as we lack
empirical data linking motor adaptation, learning, and
improvements in motor function in human participants with
stroke.> Recent work has reported a lack of confidence
amongst therapists who incorporate principles of motor
adaptation and learning into clinical practice.**>® Despite
growing consensus surrounding the importance and clinical

utility of motor learning principles, experts still lack con-
sensus regarding what principles best promote improve-
ments in motor performance.”’>

Studies in healthy adults have reported a relationship
between motor adaptation within a single session, retention
at 24 hr, and long-term motor learning.’>% Prior exposure
to a visuomotor rotation can generate long-term motor
memories in healthy adults for up to a year without prac-
tice.®* It is unclear if deficits in adaptation after stroke
impact long-term motor learning and therapy outcomes.
Addressing the relationship between motor adaptation and
learning after stroke will require studies on retention, test-
ing the relationship between adaptation and motor skill
learning, and determining whether lesions in distinct brain
regions are associated with unique impairments in adapting
and retaining motor skills. In a treatment setting, once defi-
cits have been identified, it is possible that strategies that
are thought to promote motor adaptation and learning, such
as non-invasive brain stimulation, pharmaceutical interven-
tion, or mirror therapy, could be attempted to determine if
they enhance recovery from stroke. We believe there is
much to gain by probing for deficits in motor adaptation
and learning as they may capture different challenges or
limitations experienced by individuals with stroke.

Limitations

Our study was cross-sectional and can only provide a snap-
shot of adaptation, impairment, and function after stroke. It
is also difficult to rule out other factors that may mediate
this relationship, including sensory and cognitive impair-
ment, location and size of stroke lesions, comorbidities and
other lifestyle-related factors. The level of impairment mea-
sured using common clinical scales ranged from mild to
moderate. Finally, the sample of left-handed participants
was limited. Prospective longitudinal studies in larger sam-
ples, including left and right-hand dominant participants
matched for impairment, will provide deeper insight into
the relationship between motor adaptation and recovery
across a broader range of stroke impairments.

Conclusion

Visuomotor adaptation can be impaired after stroke and
relates to some clinical assessments of motor impairment
and functional independence. Our results build on existing

Table 2. Spearman partial correlations accounting for time post-stroke. Fugl-Meyer assessment of motor recovery — Upper
extremity (FMA-UE; n = 33) and functional independence measure (FIM; n = 36). Data are presented as the rho (P-value) for each
correlation. P-values were Bonferroni-Holm corrected. *Indicates corrected P < .05

Clinical measures Initial adaptation

Final adaptation Trials to adapt

FMA-UE 22 (23)
FIM 04 (.82)

41 (02)*
48 (<.01y*

—11(.55)
-34(.10)
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literature®'? and reveal a range of impairments with only a
portion of the variability in performance captured by com-
mon clinical measures of motor impairment and functional
independence.

Acknowledgments

We aknowledge the work of Janice Yajure for participant assessment.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with respect
to the research, authorship, and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support
for the research, authorship, and/or publication of this article: This
work was supported by a Canadian Institutes of Health Research
operating grant [grant number MOP 106662], as well as the
Faculty of Kinesiology and Calgary Health Trust.

ORCID iD
Robert T. Moore, BSc
Sean P. Dukelow, MD, PhD

https://orcid.org/0000-0002-0224-7723
https://orcid.org/0000-0002-0609-981X

References

1. Krakauer JW, Hadjiosif AM, Xu J, Wong AL, Haith AM.
Motor learning. Compr. Physiol. 2019;9:613-663.

2. Lawrence ES, Coshall C, Dundas R, et al. Estimates of the
prevalence of acute stroke impariments and disability in a
multiethnic population. Stroke. 2001;32:1279-1284.

3. Leech KA, Roemmich RT, Gordon J, Reisman DS, Cherry-
Allen KM. Updates in motor learning: implications for physi-
cal therapist practice and education. Phys. Ther. 2021.

4. Krakauer JW. The applicability of motor learning to neurore-
habilitation. Oxford Textb. Neurorehabilitation. 2015;55-63.

5. Reinkensmeyer DJ, Emken JL, Cramer SC. Robotics, motor
learning, and neurologic recovery. Annu. Rev. Biomed. Eng.
2004;6:497-525.

6. Kitago T, Krakauer JW. Motor learning principles for neuro-
rehabilitation. Neurol. Rehabil. 2013;110:93-103.

7. Takahashi CD, Reinkensmeyer DJ. Hemiparetic stroke
impairs anticipatory control of arm movement. Exp. Brain
Res. 2003;149:131-140.

8. Mutha PK, Sainburg RL, Haaland KY. Left parietal regions
are critical for adaptive visuomotor control. J. Neurosci.
2011;31:6972-6981.

9. Mutha PK, Stapp LH, Sainburg RL, Haaland KY.
Motor Adaptation Deficits in Ideomotor Apraxia. J. Int.
Neuropsychol. Soc. 2017;23:139-149.

10. Schaefer SY, Haaland KY, Sainburg RL. Dissociation of initial
trajectory and final position errors during visuomotor adapta-
tion following unilateral stroke. Brain Res. 2009;1298:78-91.

11. Donchin O, Rabe K, Diedrichsen J, et al. Cerebellar regions
involved in adaptation to force field and visuomotor perturba-
tion. J. Neurophysiol. 2011;107:134-147.

12. Krakauer JW. Motor learning and consolidation: the case of
visuomotor rotation. Adv. Exp. Med. Biol. 2009;629:405-421.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Bernhardt J, Hayward KS, Kwakkel G, et al. Agreed defini-
tions and a shared vision for new standards in stroke recovery
research: the stroke recovery and rehabilitation roundtable
taskforce. Int. J. Stroke. 2017;12:444-450.

Wadden KP, Asis K De, Mang CS, et al. Predicting motor
sequence learning in individuals with chronic stroke.
Neurorehabil. Neural Repair. 2017;31:95-104.

Vidoni ED, Boyd LA. Preserved motor learning after stroke
is related to the degree of proprioceptive deficit. Behav. Brain
Funct. 2009;5:36.

Van Heugten CM, Dekker J, Deelman BG, Stehmann-Saris
FC, Kinebanian A. A diagnostic test for apraxia in stroke
patients: Internal consistency and diagnostic value. Clin.
Neuropsychol. 1999;13:182-192.

Kenzie JM, Semrau JA, Findlater SE, et al. Localization of
impaired kinesthetic processing post-stroke. Front. Hum.
Neurosci. 2016;10:1-13.

Maenza C, Wagstaff DA, Varghese R, Winstein C, Good
DC, Sainburg RL. Remedial training of the less-impaired arm
in chronic stroke survivors with moderate to severe upper-
extremity paresis improves functional independence: a pilot
study. Front. Hum. Neurosci. 2021;15:133.

Carroll TJ, Poh E, De Rugy A. New visuomotor maps are
immediately available to the opposite limb. J. Neurophysiol.
2014;111:2232-2243.

Salomonczyk D, Henriques DYP, Cressman EK. Proprioceptive
recalibration in the right and left hands following abrupt visuo-
motor adaptation. Exp. Brain Res. 2012;217:187-196.
Fernandez-Ruiz J, Wong W, Armstrong IT, Flanagan JR.
Relation between reaction time and reach errors during visuo-
motor adaptation. Behav. Brain Res. 2011;219:8-14.
Findlater SE, Hawe RL, Semrau JA, et al. Lesion locations
associated with persistent proprioceptive impairment in the
upper limbs after stroke. Neurolmage Clin. 2018;20:955-971.
Karnath HO, Rorden C, Ticini LF. Damage to white matter
fiber tracts in acute spatial neglect. Cereb. Cortex. 2009;19:
2331-2337.

Rorden C, Karnath HO, Bonilha L. Improving lesion-symp-
tom mapping. J. Cogn. Neurosci. 2007;19:1081-1088.
Rorden C, Bonilha L, Fridriksson J, Bender B, Karnath HO.
Age-specific CT and MRI templates for spatial normalization.
Neuroimage. 2012;61:957-965.

Friston KJ, Holmes AP, Worsley KJ, Poline J -P, Frith CD,
Frackowiak RSJ. Statistical parametric maps in functional imaging:
a general linear approach. Hum. Brain Mapp. 1994;2:189-210.
Brett M, Leff AP, Rorden C, Ashburner J. Spatial normal-
ization of brain images with focal lesions using cost function
masking. Neuroimage. 2001;14:486-500.

Brott T, Adams HP, Olinger CP, et al. Measurements of
acute cerebral infarction: a clinical examination scale. Stroke.
1989;20:864-870.

Rabadi MH, Rabadi FM. Comparison of the action research
arm test and the fugl-meyer assessment as measures of upper-
extremity motor weakness after stroke. Arch. Phys. Med.
Rehabil. 2006;87:962-966.

Volpe BT, Lynch D, Rykman-Berland A, et al. Intensive
sensorimotor arm training mediated by therapist or robot
improves hemiparesis in patients with chronic stroke.
Neurorehabil. Neural Repair. 2008;22:305-310.



Moore et al.

425

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Fugl-Meyer AR, Jadsko L, Leyman I, Olsson S. The post-
stroke hemiplegic patient. 1. a method for evaluation of physi-
cal performance. Scand. J. Rehabil. Med. 14AD;7:13-31.
Gowland C, Stratford P, Ward M, et al. Measuring physical
impairment and disability with the chedoke-mcmaster stroke
assessment. Stroke. 1993;24:58-63.

Hirayama K, Fukutake T, Kawamura M. Thumb localizing
test” for detecting a lesion in the posterior column-medial
lemniscal system. J. Neurol. Sci. 1999;167:45-49.
Charalambous CP. Interrater reliability of a modified ash-
worth scale of muscle spasticity. In: Classic Papers in
Orthopaedics. London, UK: Springer-Verlag London Ltd;
2014:415-417.

Nasreddine ZS, Phillips NA, Bédirian V, et al. The Montreal
Cognitive Assessment, MoCA: a brief screening tool for mild
cognitive impairment. J. Am. Geriatr. Soc. 2005;53:695-699.
Halligan PW, Cockburn J, Wilson BA. The behavioural
assessment of visual neglect. Neuropsychol. Rehabil.
1991;1:5-32.

Keith RA, Granger C V., Hamilton BB, Sherwin FS. The
functional independence measure: a new tool for rehabilita-
tion. Adv. Clin. Rehabil. 1987;1:6-18.

Boos DD. Introduction to the bootstrap world. Stat Sci.
2003;18:168-174.

Wilcox RR. Comparing pearson correlations: dealing with
heteroscedasticity and nonnormality. Commun. Stat. Simul.
Comput. 2009;38:2220-2234.

Chen JL, Schlaug G. Resting state interhemispheric motor
connectivity and white matter integrity correlate with motor
impairment in chronic stroke. Front. Neurol. 2013;4:178.
Holm S.. A simple sequentially rejective multiple test proce-
dure. Scand. J. Stat. 1979;6:65-70.

Quattrocchi G, Greenwood R, Rothwell JC, Galea JM, Bestmann
S. Reward and punishment enhance motor adaptation in stroke.
J. Neurol. Neurosurg. Psychiatry. 2017;88:730-736.

Scheidt RA, Stoeckmann T. Reach adaptation and final posi-
tion control amid environmental uncertainty after stroke. J.
Neurophysiol. 2007;97:2824-2836.

Lefebvre S, Laloux P, Pecters A, Desfontaines P, Jamart J,
Vandermeeren Y. Dual-tDCS enhances online motor skill
learning and long-term retention in chronic stroke patients.
Front. Hum. Neurosci. 2013;6:1-17.

Baguma M, Yeganeh Doost M, Riga A, Laloux P, Bihin B,
Vandermeeren Y. Preserved motor skill learning in acute
stroke patients. Acta Neurol. Belg. 2020;120:365-374.
Hatakenaka M, Miyai I, Mihara M, Yagura H, Hattori N.
Impaired motor learning by a pursuit rotor test reduces func-
tional outcomes during rehabilitation of poststroke ataxia.
Neurorehabil. Neural Repair. 2012;26:293-300.

Waller SM, Whitall J. Hand dominance and side of stroke
affect rehabilitation in chronic stroke. Clin. Rehabil. 2005;
19:544-551.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Harris JE, Eng JJ. Individuals with the dominant hand affected
following stroke demonstrate less impairment than those with
the nondominant hand affected. Neurorehabil. Neural Repair.
2006;20:380-389.

Langan J, Van Donkelaar P. The influence of hand dominance
on the response to a constraint-induced therapy program follow-
ing stroke. Neurorehabil. Neural Repair. 2008;22:298-304.
Schweighofer N, Wang C, Mottet D, et al. Dissociating motor
learning from recovery in exoskeleton training post-stroke. J.
Neuroeng. Rehabil. 2018;15:89.

Hardwick RM, Rajan VA, Bastian AJ, Krakauer JW, Celnik
PA. Motor learning in stroke: trained patients are not equal
to untrained patients with less impairment. Neurorehabil.
Neural Repair.2017;31:178-189.

Anguera JA, Reuter-Lorenz PA, Willingham DT, Seidler
RD. Contributions of spatial working memory to visuomotor
learning. J. Cogn. Neurosci. 2010;22:1917-1930.

Kwakkel G, van Wegen EEEH, Burridge JHH, et al.
Standardized measurement of quality of upper limb move-
ment after stroke: consensus-based core recommendations
from the second stroke recovery and rehabilitation roundta-
ble. Neurorehabil. Neural Repair. 2019;33:951-958.

Vaz D V., Ferreira EMR, Palma GB, Atun-Einy O, Kafri
M, Ferreira FR. Testing a new active learning approach to
advance motor learning knowledge and self-efficacy in
physical therapy undergraduate education. BMC Med. Educ.
2021:62.

Atun-Einy O, Kafri M. Physical therapists’ perspectives
of the construct of motor learning, and their motor learning-
based practice: a qualitative study. Physiother. Theory Pract.
2019.

Atun-Einy O, Kafri M. Implementation of motor learning
principles in physical therapy practice: survey of physical thera-
pists’ perceptions and reported implementation. Physiother.
Theory Pract. 2019;35:633-644.

Kleynen M, Braun SM, Rasquin SMC, et al. Multidisciplinary
views on applying explicit and implicit motor learning in prac-
tice: an international survey. PLoS One. 2015;10:¢0135522.
Kleynen M, Braun SM, Bleijlevens MH, et al. Using a Delphi
technique to seek consensus regarding definitions, descrip-
tions and classification of terms related to implicit and explicit
forms of motor learning. PLoS One. 2014;9:¢100227.

Joiner WM, Smith MA. Long-term retention explained by a
model of short-term learning in the adaptive control of reach-
ing. J. Neurophysiol. 2008;100:2948-2955.

Landi SM, Baguear F, Della-Maggiore V. One week of motor
adaptation induces structural changes in primary motor cor-
tex that predict long-term memory one year later. J. Neurosci.
2011;31:11808-11813.



