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Introduction: For people who have had a stroke, recovering upper-limb function

is a barrier to independence. When movement is di�cult, mental practice can

be used to complement physical therapy. In this within-participants study we

investigated the e�ects of combined action observation and motor imagery (AO

+ MI) therapy on upper-limb recovery in chronic stroke survivors.

Methods: A Graeco-Latin Square design was used to counterbalance four mental

practice conditions (AO + MI, AO, MI, Control) across four cup-stacking tasks of

increasing complexity. Once a week, for five consecutive weeks, participants (n =

10) performed 16 mental practice trials under each condition. Each trial displayed

a 1st person perspective of a cup-stacking task performed by an experienced

model. For AO, participants watched each video and responded to an occasional

color cue. For MI, participants imagined the e�ort and sensation of performing

the action; cued by a series of still-images. For combined AO + MI, participants

observed a video of the action while they simultaneously imagined performing

the same action in real-time. At three time points (baseline; post-test; two-

week retention test) participants physically executed the three mentally practiced

cup-stacking tasks, plus a fourth unpractised sequence (Control), as quickly and

accurately as possible.

Results: Mean movement execution times were significantly reduced overall in

the post-test and the retention test compared to baseline. At retention, movement

execution times were significantly shorter for combined AO + MI compared

to both MI and the Control. Individual participants reported clinically important

changes in quality of life (Stroke Impact Scale) and positive qualitative experiences

of AO + MI (social validation).

Discussion: These results indicate that when physical practice is unsuitable,

combined AO+MI therapy could o�er an e�ective adjunct for neurorehabilitation

in chronic stroke survivors.

KEYWORDS
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Introduction

Stroke is a leading cause of serious long-term disability (1).

An acute stroke will reduce the motor ability of around 80%

of stroke survivors (2, 3), with the most prevalent physical

disability relating to upper-extremity impairments (4–6). Despite

the devastating impact that cerebral vascular accidents can have,

cognitive neuroscience research shows the brain can reorganize its

neural connections in response to learning or experience (7). In the

immediate weeks after a stroke, there is a spontaneous clearance

of degenerating debris (8), and the neurons that remain attempt to

functionally reorganize within the damaged brain area to support,

restore and compensate for any function that has already been

compromised or lost (9, 10). The central aim of neurorehabilitation

is therefore to implement behavioral manipulations (or internal

motor simulation processes, for example, if the individual is

incapable of physical movement) that encourage the brain to

create and reorganize functionally appropriate and relevant neural

connections (11).

It is widely accepted that training toward an intended motor

outcome (e.g., reaching for, grasping, and transporting a cup) is

crucial for stimulating neural plasticity after brain damage and

is therefore essential for recovery (11, 12). Practice is the key

to motor relearning for a stroke survivor; yet for many stroke

survivors, physical practice may not be possible or appropriate for

relearning lost or impaired skills, since even simple movements can

be significantly impaired after stroke (13). It is well documented

that experience-dependent learning is essential to help the damaged

brain reorganize itself toward functionally relevant recovery (11, 14,

15). While there is heterogeneity in the rate and extent of recovery

from stroke, the efficiency and speed of neural reorganization

depends on the sensory experiences that can be provided (3,

16).

A large body of research has identified many useful approaches

to neurorehabilitation. Maier et al.’s (17) review identified 15

training principles for neurorehabilitation after stroke, based on

motor learning and brain plasticity mechanisms. In their review,

two mental practice techniques, action observation (AO) and

motor imagery (MI), were recommended as useful rehabilitation

tools. These two processes evoke an internal motor simulation

that has been shown to induce plastic changes, which promote

neural connectivity in the motor system (18, 19) and support motor

learning (20–22).

AO therapy is well supported as a means to improve motor

function in stroke survivors (23, 24). Substantial evidence has

confirmed that systematic observation of an action or human

movement can prime execution of the same action (25, 26). During

observation, a corresponding internal motor representation of

the target movement can augment action recognition, imitation,

and observational learning (20, 26, 27). To this end, the mirror

neuron system’s (MNS) capacity to simulate observed actions can

be harnessed as a means to restore upper-limb improvement and

rearrange compromised neural circuits to rebuild motor function

after stroke (15, 28–30). Research shows significant improvements

in upper-limb improvement (31, 32), and significant increases in

neurophysiological activity in premotor regions, after AO therapy

of daily tasks in stroke (33–36).

A substantial body of research has also investigated the

potential for MI to promote the relearning of daily tasks following

stroke (37, 38). Similar to AO, MI has been found to evoke neural

reorganization in a way that corresponds to the effects of physical

practice (12, 39–42), and modulates plasticity from cortical to

spinal circuitry levels (43, 44). These positive results were supported

in Sharma et al.’s (45) fMRI study, which showed that positive

changes in connectivity during MI correspond with improved

motor function after stroke. Imagery training requires participants

to repeatedly form and maintain a motor simulation over time

(46, 47). During MI, the brain re-enacts action simulations by

creating efferent and afferent activity in the absence of both an

accurate external reference (48) and a physical motor output.

Unlike AO therapy, where there is no initial skill requirement,

andwhere unskilled, passive observation can activatemotor regions

in the brain (27); MI is likely to be a sub-optimal rehabilitation

tool for a stroke survivor who is learning complex actions that are

absent in their motor repertoire. The brain, without an opportunity

to map the observed action, both accurately and reliably, in real

time, onto their own sensorimotor system, is likely to default

to its own self-developed strategies, driven by its compensatory

neural reorganization. This may explain why the evidence for

MI benefits in stroke rehabilitation is at best mixed (49–51),

and pure MI interventions for stroke survivors frequently do

not result in clinically meaningful improvements in upper-limb

impairment (52–54).

The advantageous effects of combining AO with MI into

a single instruction (AO + MI) are now well documented

in neurotypical populations, when compared with the two

methods of AO and MI in isolation from one another (55–

57). AO + MI therapy involves observing an action whilst

simultaneously imagining the kinaesthetic sensations associated

with executing the observed action. As such, AO + MI

provides a precise external cue which continuously drives an

individual’s experience-dependent learning, usually resulting in

higher self-reported ease of motor-simulation generation (58).

In rehabilitation, the proposed advantages for combined AO

+ MI are predicated on multimodal brain imaging studies

(mainly in healthy volunteers), which consistently show AO +

MI can produce super-additive effects, compared to either AO

or MI, with increased and more widespread activation of motor-

related brain regions [e.g., (59–63)]. This combined approach

may also reduce the need to understand and follow complex

verbal cues–a difficulty many stroke survivors face with MI

training (64, 65).

To date, several behavioral studies have explored AO +

MI’s potential to enhance instantaneous physical outcomes in

comparison to both AO and MI instructions in both healthy adults

(55, 66, 67) and children (68, 69). To expand this line of work, AO

+ MI has been found to significantly improve short-term motor

learning in comparison to both AO and MI [e.g., one-day; (70);

three-weeks; (71), four-weeks; (72), five-weeks; (73), six-weeks;

(74–76)]. Most recently, after three consecutive days of AO + MI

training (and in the absence of a physical pre-test), Binks et al. (77)

used a cup-stacking task in a within-participant design, and showed

that AO + MI training significantly reduced movement execution

times compared to AO, MI, and an unpractised control condition
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at both a surprise physical post-test and a one-week retention

test. In the present study, we adapted this research design to

investigate AO +MI training effects in stroke neurorehabilitation.

We also incorporated the same cup-stacking task as in Binks et al.

(77), which has been used in previous research to demonstrate

improvements in neurorehabilitation via AO therapy in stroke

survivors [see (78–80)].

Sun et al. (81) was the first to assess AO + MI training effects

in a stroke survivor population. Their study included right-handed

participants with right-sided paresis caused by a left hemispheric

lesion. Participants imagined grasping, lifting, and inserting a small

peg in a hole, before pinching and removing the peg. Half the

participants engaged in AO before MI (i.e., asynchronous AO

+ MI) and the other half performed synchronous AO + MI

(i.e., observing an action on-screen, whilst concurrently imagining

performing the same action). Training was completed five times

per week for four weeks, alongside daily conventional physical

rehabilitation. Compared to asynchronous AO and MI (n = 5),

the synchronous AO + MI therapy (n = 5) significantly improved

upper-extremity motor function, measured by the Fugl-Meyer

Assessment (FMA) and pinch grip strength, while improvements

in cortico-motor activation (i.e., electrophysiological activity

with greater amplitudes, longer durations, and more frequency

components) were also detected for synchronous AO + MI. In

a larger study, Choi et al. (82) showed improvements in FMA

scores for AO + MI (n = 22) compared to AO therapy (n = 23)

over a five-week period. Those authors further used transcranial

magnetic stimulation (TMS) to demonstrate significant changes

in corticospinal excitability between pre- and post-tests for the

AO + MI but not the AO therapy group. Finally, Robinson-Bert

and Woods (83) found significant improvements and minimally

important clinical differences in upper extremity motor recovery

(FMA scores) for AO + MI practice in sub-acute stroke patients,

which incorporated a mean of 5.2 sessions per week for an average

period of 2 weeks. This effect only occurred, however, in a sub-

group of participants who showed increased commitment to the

AO+MI intervention. To extend the approach taken in these three

previous studies of AO + MI therapy in stroke survivors (81–83),

in the present study we additionally examined motor performance

at a two-week retention test.

The overarching research question in the present within-

participant study was: can motor simulation enhance motor

learning of a novel cup-stacking action in a stroke survivor

population? Specifically, our main aim was to quantify the effects

of different mental practice conditions (AO + MI vs. AO vs. MI

vs. Control) on movement execution times at three time points

(baseline vs. post-test vs. retention). The evidence reviewed above

indicates clear advantages for AO + MI practice effects both in

healthy adults and in stroke survivors, in both the behavioral

and neurophysiological measures [see (56, 62)]. We therefore

hypothesized in the current study that the combined AO + MI

practice condition would reduce movement execution times in the

cup-stacking task to a greater extent than in both the AO and MI

conditions, and an unpractised control condition, at both the post-

test and the retention test. Our secondary aim was to investigate

the longitudinal effects of these three mental practice conditions

on several additional outcome measures. Liu et al. (84) found

that combining AO + MI practice with cognitive training can

significantly reduce the effects of vascular cognitive impairments in

stroke survivors, compared to when using cognitive training alone,

as indicated by the Montreal Cognitive Assessment Scale. On these

grounds, we explored whether the AO +MI practice administered

in the current study would also improve health-related quality of

life, MI ability and upper limb performance. We also monitored

self-reported imagery use over time (i.e., to check compliance with

the intervention) and we investigated the participants’ qualitative

experiences of the experimental conditions.

Materials and methods

Participants

Participants were recruited from a community-led stroke group

in the North East of England (n = 10, M age = 64.4 years, SD

= 9.4, males = 6, see Table 1). All participants were volunteers

and informed of the screening protocol before participation.

Inclusion criteria for participation included: (1) clinical diagnosis

of stroke of any etiology; (2) a minimum of 6 months post-

stroke onset; (3) < 75 years old; (4) normal or corrected-to-

normal vision (i.e., no hemianopsia); (5) no prior experience of a

MI intervention.

The exclusion criteria included the following: (1)moderate pain

in the affected limb (> 5 on the Visual Analog Numeric Pain

Distress Scale; VAS 1–10 pain scale); (2) complete paralysis of the

affected limb (any participant who could not voluntarily generate a

minimum of 10◦ flexion at the radiocarpal, metacarpophalangeal

and interphalangeal joints); (3) severe cognitive dysfunction (<

8/10 on Kingshill Version 2000 of the 6CIT; 85); (4) hemineglect;

(5) moderate or severe aphasia; or (6) reduced MI ability [<5/7

in the non-paretic limb and <4/7 in the paretic limb, using a

modified version of the Motor Imagery Questionnaire-3; MIQ-3;

(86)]. Responses for the MIQ-3 at the baseline confirmed a good

capacity for MI in the non-paretic limb (M = 5.54, SD= 0.88) and

the paretic limb (M = 4.45, SD = 1.60), and across the following

imagery types: internal (1st person) visual perspective (M = 5.29,

SD = 1.19), external (3rd person) visual perspective (M = 4.96, SD

= 1.42), kinaesthetic imagery (M = 4.74, SD = 1.57). To further

evaluate the clinical status of participants, the Action Research Arm

Test [ARAT; (87)] and the Stroke Impact Scale [SIS; (88)] were also

completed at the baseline.

Screening of eleven participants, using the above criteria,

permitted 10 participants for inclusion (see Table 1). These ten

participants were included in the analysis of the baseline data,

while three were removed from the analyses of the post-test and

retention test data due to drop-out. All participants provided

written informed consent in accordance with ethical clearance from

the local research ethics committee.

Task and research design

After undertaking the screening and a familiarization session,

participants completed a baseline test involving physical execution

of four different cup-stacking sequences, as fast and as accurately as
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TABLE 1 Stroke demographic information.

Participant Sex Age Lesion Side Days between first
stroke onset and
participation

Hands used
in task

1 M 72 RT intracranial hemorrhage frontal lobe LT 745 1

2 M 75 LT lacunar infarct RT 881 2

3 F 58 RT hemorrhage lentiform nucleus LT 1,114 1

4 M 64 LT small focus of restricted diffusion to medullary

pyramid

RT 1,631 2

5 F 43 RT cerebral peduncle infarct LT 1,575 2

6 M 61 RT thalamic ischaemia LT 1,755 1

7 F 66 LT total anterior circulation infarction RT 1,310 2

8∗ F 73 RT basal ganglia subinsular infarct with hemorrhagic

transformation

LT 1,676 1

9∗ M 70 LT total anterior circulation infarction RT 668 2

10∗ M 62 RT thalamic ischaemia LT 2,098 1

M (SD) 64.40 (9.40) 1,345.30 (479.30)

The sex, age, lesion location, lesion hemisphere, number of days from first stroke onset to participation in the study, and number of hands used in the experimental cup-stack task. For each

participant who completed the study.
∗Denotes three participants who did not complete the training phase and did not report post and retention test scores.

possible (see Figure 1). The main dependent variable was the time

taken to complete the physical execution of each cup-stacking task.

These data were recorded at the baseline (Week 1), post-test (Week

6) and in a retention test (Week 8). All participants were instructed

to maintain their normal daily activity routines throughout the

duration of the experiment. Moreover, participants were instructed

to not physically practice the cup-stacking tasks outside of the

current experiment.

In the training phase (Weeks 2–6), participants experienced

three practice conditions: action observation (AO), motor imagery

(MI) and combined action observation and motor imagery (AO

+ MI). While the unpractised control was omitted during the

training phase, participants watched (AO), imagined (MI) and

simultaneously watched and imagined (AO+MI) three, randomly

assigned, counterbalanced cup-stacking sequences (task) once a

week for five consecutive weeks. The task used as the unpractised

control sequence was physically executed in Week 1, 6, and 8.

As in the study by Binks et al. (77), a within-subjects, repeated-

measures, Graeco-Latin square design was used to randomly

assign a pairing between each level of the Graeco factor of “task”

(involving four levels of cup-stack sequence: 1-10-1, 6-6, 3-6-

3, 3-3-3-3) and the Latin factor of “practice condition” (AO,

MI, AO + MI, Control). In addition, the Graeco-Latin square

allowed investigation and control of two other blocking factors,

namely: “presentation order” (Order 1, 2, 3, 4) and “group”

(Group 1, 2, 3, 4). This four-factorial design was necessary

to counterbalance the four levels of the four factors (i.e., task

and practice condition across group and presentation order). A

random permutation of this design resulted in 16 unique task

and practice condition pairings. Each pairing occurred exactly

once in each group and presentation order [see Table 2; (89)].

This is an efficient design approach to study the effect of one

treatment factor in the presence of three extraneous variables (90).

In the context of motor learning, this is particularly useful as

the design completely randomizes the presentation order for each

practice condition using a within-participant design. Research has

also shown that the Graeco-Latin-square design is typically more

efficient and hence more powerful than reasonable alternatives

(91, 92).

On each of the 5 days of the training phase, participants

undertook 3 blocks of mental practice trials (AO, MI, and AO

+ MI; each paired with a different task across participants).

Participants received short rests between each block of trials. Blocks

consisted of 16 trials lasting 5 min each.

In addition to the movement execution times, the following

measures were recorded in the week before the baseline and the

week after the retention test: the MIQ-3, the ARAT, and the SIS.

On Weeks 2, 4, and 6 in the training phase we also tracked the

participants’ imagery use. A qualitative interview (social validation)

was conducted at the retention test to explore the participants’

perceptions of the training phase.

Stimuli and apparatus

The present study contained four cup-stack sequences.

Three of these sequences were approved World Sport Stacking

Association (WSSA) stacks: 1-10-1, 6-6 and 3-6-3. The fourth

sequence was adapted from the WSSA 3-3-3 to a 3-3-3-3; this

adjustment ensured 12 cups were presented in each sequence (see

Figure 1).

A desk-mounted video camera (GoPro Hero 4; GoPro.com,

2016) was used to record each cup-stacking sequence from a

1st person visual perspective. All sequences were recorded in a

laboratory setting, with an immersive visual dimension of 1,920

× 1,080 p, shot at 30 frames per second. Each sequence was
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FIGURE 1

Research design and task. The structure of the research design is displayed across the top of this figure. On each practice day, the four cup-stack

sequences shown (tasks) were paired with the following practice conditions in a fully counterbalanced order across participants: action observation

(AO), motor imagery (MI), motor imagery during action observation (AO + MI) and an unpractised control. On each practice day, participants

experienced 16 trials, lasting 5min in total, per practice condition. They physically executed five repetitions of each task at the baseline, post-test,

and two-week retention test. Key for additional measures: SIS, Stroke impact scale; MIQ-3, Motor Imagery Questionnaire 3; ARAT, Action Research

Arm Test.

TABLE 2 Graeco-Latin square design.

Order 1 Order 2 Order 3 Order 4

Group 1 AO+MI (1− 10− 1) AO (6− 6) MI (3− 6− 3) Unpracticed (3− 3− 3− 3)

Group 2 AO (3− 3− 3− 3) AO+MI (3− 6− 3) Unpracticed (6− 6) MI (1− 10− 1)

Group 3 MI (6− 6) Unpracticed (1− 10− 1) AO+MI (3− 3− 3− 3) AO (3− 6− 3)

Group 4 Unpracticed (3− 6− 3) MI (3− 3− 3− 3) AO (1− 10− 1) AO+MI (6− 6)

This sophisticated tool is designed to systematically control three sources of extraneous variability (the row blocking factor of group; the column blocking factor of presentation order and the

Graeco blocking factor of task). This provides the opportunity to investigate the effects of one treatment factor (i.e., practice condition), that is fully counterbalanced across the other blocking

factors [see (89)].

13 s in length and the videos were edited in iMovie (Apple,

New York, NY). Each trial began with a white star on a

black screen (3 s), a ‘3, 2, 1’ countdown (3 s), followed by

exposure to the cup-stacking sequence (13 s); totalling 48 trials

per day (Figure 2).

These videos were initially recorded and used in the study

by Binks et al. (77) to display each cup-stacking sequence

executed over an 8 s period. In the current study, pilot testing

determined that it was necessary to slow these videos down

to 60% of the original speed, so that the action in the video

(lasting 13 s) would be executed at a pace that was realistic

for imitation in this population. Each cup-stacking trial showed

two hands lifting from a pressure-sensitive timing pad (Pro-

Timer; StackMat R©TM) to reach forward and pick up a vertical

column of stacked cups. The task required participants to “up-

stack” the cups from left to right in a predetermined sequence.

Once the sequence was complete the cups were “down-stacked”

from right to left into their original positions. The task was

completed when the hands returned to the pad. During each

training session participants sat at a desk, in a dimly lit room,

facing a 13.3-inch LED-backlit monitor display (Apple, New

York, NY).
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FIGURE 2

Trial sequence example. This figure shows the structure on each AO + MI practice trial.

FIGURE 3

AO and MI trial sequence example. This figure shows the structures for both the AO (top panel) and the MI (bottom panel) practice trials. In the AO

condition participants verbally reported the color of a dot that appeared at the midpoint of the video in 25% of the trials. This aimed to control for

attention toward the display and reduce the potential confound of spontaneous or unintended MI during the pure AO condition. In the MI condition

participants viewed a series of still-images portraying a cup-stack sequence. These were designed to both cue and control for the time duration of

the MI.

Procedure

Familiarization and baseline
After screening and 1 week before the familiarization and

baseline test, the MIQ-3, the ARAT, and the SIS data were recorded

(see Figure 1). The familiarization session required participants to

complete all four cup-stacking sequences in order of difficulty (i.e.,

3-3-3-3, 3-6-3, 6-6 and 1-10-1). At a desk, sitting opposite the

participant, a researcher first provided guided verbal and visual

instruction for the completion of each full cup-stack sequence.

Feedback was provided to confirm that participants had established

the correct technique. The participant successfully completed each

task once with assistance and once without. Participants were also

instructed how to use the pressure-sensitive timing pad.

Upon completion of the familiarization, participants were

randomly assigned into one of four experimental groups.

Each group contained a different practice condition and task

combination for each participant to mentally practice throughout

the training phase (see Table 2). To record a baseline score in

Week 1, each participant had three attempts to complete each task

as quickly and as accurately as possible. This is a complex and

controlled motor sequencing task, wherein any movement errors

would be reflected in the time taken to complete the movement

[Foerster et al., (93), p. 201)]. If an error was made (e.g., a cup

was dropped), participants were asked to correct their error and

continue the cup-stacking task until the sequence was complete.

To familiarize participants to the imagery and observation

instructions used in the main training phase, each participant was

guided through a training video which presented a simplified and

slowed cup-stack sequence. Accompanied with verbal guidance,

this phase built a foundational understanding of how the imagery

and observation instructions were to be integrated into each
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cup-stacking sequence during the five-week training phase. All

participants were instructed to not physically or mentally practice

the tasks outside of scheduled sessions.

Main experiment and five-week training phase
Action observation

Participants were instructed to watch the on-screen cup-

stacking sequence while refraining from using any MI. Participants

were asked to attend only to the occasional appearance of a colored

dot and, when it appeared, to inform the researcher what color it

was. Participants were naïve to the fact the dot would only appear

on trials 1, 5, 10, and 15 and that the presentation color alternated

between red and blue. The dot appeared in the middle of the screen,

for 0.5 s, at the point of transition between the up-stack and down-

stack, when the observed hands were not touching the cups (see

Figure 3). The colored dot was precisely integrated into this practice

condition to reduce the potential of spontaneous or unintentional

MI [see (57)]. This simple task motivated participants to engage

with the videos without distracting them from the observed action.

Motor imagery

Participants viewed a series of still-images portraying a cup-

stacking sequence (see Figure 3), which visually depicted the

stages of completing the sequence. The MI practice condition

was administered in this way to provide basic visual cues to help

structure and sequence their MI without providing observation of

a dynamic action. These instructions also incorporated some of

the PETTLEP principles (94–96). During each trial, participants

were instructed to imagine performing the action in a 1st person

perspective and to maintain an emphasis on “feeling” the imagined

movement [e.g., (97)]. Participants imagined performing the task

within the experiment environment, while in a similar physical

state as would be adopted during performance (i.e., seated at

a desk). Participants were guided to imagine the timing of the

action in accordance with the sequence of on-screen pictures. They

were asked to recreate the task specific components of reaching,

grasping, placing and releasing the cups in a specific order.

Action observation during motor imagery

This entailed imagining the sensation and kinaesthetic

experience of executing the action and synchronizing this motor

simulation with the congruent observed action (55). Similar to the

MI instruction, some PETTLEP components were incorporated

into the AO+MI delivery (96). As in theMI condition, participants

were instructed to specifically focus on imagining the kinaesthetic

sensation involved in performing the observed task sequence from

a 1st person visual perspective. While seated at a desk (physical),

they were additionally instructed to imagine themselves performing

this action at the speed presented on screen (timing).

Unpractised control

Upon completion of the familiarization and baseline test, one

cup-stacking sequence, assigned as the unpractised control, was

not presented to the participant again until the physical post-

test at Week 6. Due to the random assignment of the Graeco-

Latin square, a different cup-stack sequence was omitted in each

experimental group.

Post-test and retention test
The post-test (administered on Week 6, immediately after

completion of the training phase) required participants to

physically execute each of the cup-stacking sequences in the same

order as they had experienced them at baseline and on each

practice day throughout the training phase (see Table 2). The fourth

unpractised cup-stack sequence (Control) was also reintroduced.

The retention test required participants to replicate all procedures

administered at the post-test. After the retention test, participants

again completed the MIQ-3, ARAT, SIS, and completed a social

validation interview. On Weeks 2, 4, and 6 participants also

completed an adapted self-reported questionnaire to track imagery

use. The approach to these additional measures is described below.

Additional outcome measures
Perceived impact of stroke

The perceived impact of stroke was assessed using

the Stroke Impact Scale [SIS, (98)], a self-report measure

recorded at the baseline and retention test. This tool evaluates

disability and health-related quality of life after stroke. The

sub-categories for assessment are everyday functioning in:

strength, memory, emotions, communication, activities

of daily living and instrumental activities of daily living

(ADL/IADL), mobility, hand function, participation and

total stroke recovery. The stroke impact scale has been

found to have high levels of internal consistency in the

UK (99).

Motor imagery ability

To assess MI ability, participants completed the MIQ-3

measure at the baseline and retention test. This measure has good

psychometric properties, internal reliability, and predictive validity

(86). Participants self-reported the ease with which they could

generate imagined actions, such as a cup lift and arm abduction

(1 = very hard to see/feel; 7 = very easy to see/feel) on three

subscales: internal visual imagery, external visual imagery, and

kinaesthetic MI.

Upper extremity performance

The Action Research Arm Test (ARAT) was used to

assess upper extremity performance (coordination, dexterity, and

functioning) in stroke recovery between the baseline and retention

test. Originally described by Lyle (87) as a modified version of the

Upper Extremity Function Test, this is a 19-item observational

measure. These items are categorized into four subscales (grasp,

grip, pinch, and gross movement) and arranged in order of

decreasing difficulty, with the most difficult task examined first,

followed by the least difficult task. Task performance is rated on

a 4-point scale, ranging from 0 (no movement) to 3 (movement

performed normally). Nijland et al. (100) found the internal

consistency of the ARAT using Cronbach’s Coefficient Alpha as

excellent (α = 0.98), while Inter-rater reliability, as analyzed

using the inter correlation coefficient (ICC) was also excellent

(ICC= 0.92).
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Self-reported imagery use over time

A questionnaire was adapted from the established MIQ-3.

Our questionnaire was administered after every block of MI and

AO + MI trials on each day of practice on Weeks 2, 4, and 6.

Participants self-reported their ease of imagery generation on a 1–

7 Likert scale (1 = very hard to see/feel or very unconfident, 7 =

very easy to see/feel or very confident). The original MIQ-3 item

“Kinaesthetic imagery” was retained in the current study to rate the

ease of generating the feeling and effort of imagined cup-stacking.

The original questionnaire also requires participants to rate visual

imagery separately for both an internal (1st person) and external

(3rd person) visual perspective. In the current study, we instead

used the generic item “ease of generating visual imagery” and then

required participants to indicate “perspective used” (internal or

external). This assessed the ease or difficulty of generating the visual

components of the imagined cup-stacking task and additionally

allowed us to monitor changes in their preferences for visual

perspective over time.

Finally, the question: “how confident were you that no type of

imagery was used?” was asked after each block of AO. This measure

was utilized to monitor and assess any potential spontaneous or

unintended MI during the pure AO condition. If any participant

reported < 3 on the 1-7 Likert scale to indicate that they

were: (1) “very unconfident” (2) “unconfident” or (3) “somewhat

unconfident” that no type of imagery was used, they additionally

completed the adapted imagery questionnaire (described above) for

the AO condition.

Social validation

Immediately after completing the retention test, the primary

researcher conducted a semi-structured social validation interview

with each participant to check for compliance with the intended

manipulations and gauge their experiences of the experimental

conditions. The interview guide included 10 initial questions (e.g.,

“Do you have any comments on the difficulty of performing AO,

MI or AO+MI?”). Follow-up probes were listed for each question

to gain the necessary detail from all participants (e.g., “What made

this task difficult for you?”, “Was this task easier or harder than the

other experimental tasks, and why do you think this was the case?”).

Questions explored the perceived ease and use of the imagery

and observation instructions. The questions also targeted overall

effect, attention (direction and level), unintentional or spontaneous

imagery and which instruction modality the participant liked more

or felt most confident and comfortable using. The interview ended

with advice on what future imagery and observation interventions

should entail.

Attentional errors

When the “3, 2, 1” countdown was shown on the computer

screen, participants were instructed to place their hands on the

timing pad in front of them. While their forearms rested on

the desk, participants were required to lift both hands off the

pad in synchrony with the hands presented on the display.

The time taken between their hands leaving and returning to

the pad was recorded for each trial. This reflected the time

spent on each trial imagining, observing, or both imagining and

observing a cup-stacking sequence. Each stimulus presentation

lasted 13 s; therefore, periods of time <12.5 s or >13.5 s (recorded

on the timer) were counted as an attentional error. Across the

practice phase each participant completed 80 trials in each practice

condition (240 trials in total). All practice conditions contained

<5% errors meaning that out of 80 trials all participants recorded a

minimum of 76 trials.

Data analysis: Movement execution times
The main dependent variable was the time taken to complete

the cup-stacking movement. When participants lifted their hands

from the pressure pad, the timer ran until they had completed the

full sequence of the cup-stack task and returned their hands on

the pad.

All analyses were performed in the statistical package R 4.1.0

(101). The R package lme4 was used for the construction and

analysis of the linear-mixed-model of the four-factor Graeco-

Latin square design. While the robustness of mixed-effects

models is established (102) along with use in small samples

(103), distributional assumptions were also considered using

the performance package. For each stage of the analysis of the

movement time data and at each of the three time points (baseline,

post-test, and retention test) a mixed-effects model was tested, with

participant included as the random factor. The fixed factors were

the Graeco factor of task, the Latin factor of practice condition,

and the blocking factors were presentation order and group. The

design was carried through into the analysis of the results (104).

The interactions of time point (baseline, post-test, and retention

test), with the fixed factors, were then added and the delta-Akaike

information criterion (1AIC) was used to evaluate the difference

in AIC scores between the two models.

Post-hoc results were averaged over the levels of group, order,

and task. At post-hoc maximum likelihood estimates of the

parameters of the linear mixed model, including the method for

computing the denominator degrees of freedom and F-statistics,

were determined using Satterthwaite’s method (105). Type III sums

of squares were used in significance-testing. The significance level

was set to 0.05 and effect sizes were calculated as partial eta

squared values (η2p); values of 0.0099, 0.0588, and 0.1379 were used

as benchmarks for small, medium, and large effect sizes (92) as

suggested by Cohen [(106), p. 278–280].

Interaction e�ects within the Graeco-Latin
square design

In accordance with conventional approaches to the Graeco-

Latin square design and analysis it was not appropriate to

explore the interaction effects within our main data set (i.e., only

interactions involving the factor of time are permitted, since this

factor is not included in the Graeco-Latin square design). An

assumption of the Graeco-Latin square design is that of a null

main effect for the Graeco factor (i.e., cup-stacking sequence) which

according to Kohli (107), does not permit a useful interpretation

of the related interactions between the treatment factor (practice

condition) and each of the other blocking factors (group and

presentation order).
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Data analysis: Additional outcome measures
Perceived impact of stroke

Minimal detectable change and clinically important differences

were assessed for the baseline vs. retention test in the eight domains

and in total stroke recovery.

Motor imagery ability

A multi-factorial analysis of variance (ANOVA) was used to

analyze the effects of limb (paretic vs. non-paretic), MI sub-

scale (kinaesthetic vs. internal 1st person visual vs. external 3rd

person visual perspective), and time (baseline vs. post-test vs.

retention test).

Upper extremity performance

A two-factorial ANOVA was run involving the factors of limb

(paretic, non-paretic) and time (baseline, retention test).

Self-reported imagery use over time

Descriptive data for MI use are presented as mean and SD

scores for each mental practice condition (AO, MI, and AO +MI)

at three time points (Weeks 2, 4, and 6), with user preferences for

visual perspective (internal, external), and the perceived frequency

of spontaneous MI during the AO condition.

Social validation

Qualitative interview data were interpreted using Braun and

Clarke’s (108) six-step thematic analytical procedures. The data

analysis involves: (1) familiarization with the data, (2) transcription

of the audio recorded interviews, (3) identification of the initial

codes, (4) identification of themes, (5) naming, reorganizing, and

completing the themes and (6) theme comparison and write-up.

Results

Baseline

There was no significant main effect of practice condition on

movement execution times at the baseline test, F(3,110) = 1.07, p =

0.36, η2p = 0.03. There was, however, a significantmain effect of task,

F(3,110) = 21.72, p < 0.001, η2p = 0.37. From slowest to fastest: 1-10-

1 (M = 60.62, SD= 44.82) > 6-6 (M = 47.12, SD= 39.91, t(120)=

3.00, p = 0.05) > 3-6-3 (M = 37.67, SD = 24.74) > 3-3-3-3 (M =

28.41, SD= 25.85). While 6-6 did not significantly differ from 3-6-

3, nor 3-6-3 from 3-3-3-3 all other task combinations significantly

differed at p < 0.001.

There was a significant main effect of presentation order,

F(3,110) = 5.98, p < 0.001, η2p = 0.14. Order 1 (M = 51.79, SD =

47.49) was significantly slower in comparison to Order 3 (M =

37.73, SD= 23.57, t(120)= 3.01, p= 0.05) andOrder 4 (M= 36.51,

SD = 25.34, t(120) = 2.91, p = 0.05). Order 2 (M = 47.78, SD =

42.91) recorded the second slowest movement execution times and

was significantly slower in comparison to Order 3, t(120) = 2.75, p

= 0.05. All other presentation orders were not significantly different

from each other. Finally, there was no significant main effect of

group, F(3,110) = 1.17, p= 0.37, η2p = 0.26.

Post-test

There was no significant main effect of practice condition on

movement execution time at the post-test, F(3,77) = 1.77, p = 0.16,

η2p = 0.06. A significant main effect of task was present at the post-

test, F(3,77) = 58.34, p < 0.001, η2p = 0.69. As at the baseline, the

cup-stacking sequences differed from each other in the following

order: 1-10-1 (M = 33.12, SD = 10.43) > 6-6 (M = 26.57, SD

= 9.82, t(40) = 3.88, p < 0.01) > 3-6-3 (M = 22.60, SD = 7.73,

t(40)= 3.18, p < 0.01) > 3-3-3-3 (M = 16.96, SD= 5.34, t(87.2)=

4.26, p < 0.001). All comparisons were significantly different from

one another, p < 0.001. There was no significant main effect of

presentation order, F(3,77) = 1.61, p = 0.19, η2p = 0.06. There was

a significant main effect of group, F(3,7) = 9.69, p < 0.01, η2p = 0.81.

However, upon completion of post hoc analysis no specific pairwise

comparisons were significantly different from one another.

Retention test

There was a significant main effect of practice condition on

mean movement execution times at the retention test, F(3,77) =

5.42, p < 0.01, η2p = 0.17 (see Figure 4). AO + MI (M = 21.37, SD

= 6.62) was significantly faster than MI [M = 23.47, SD = 12.89,

t(87.2) = 3.08, p < 0.05] and the unpractised Control (M = 25.87,

SD = 11.93, t(87.2) = 2.71, p < 0.05. While the mean movement

execution times in the AO practice condition (M = 25.01, SD =

6.84) did not significantly differ from any other practice condition

there was a close to significant finding in comparison to the MI

practice condition; t(87.2) = 2.61, p = 0.051. No other practice

conditions significantly differed from each other.

A significant main effect of task was present at the retention

test, F(3,77) = 69.84, p < 0.001, η2p = 0.73 (Figure 5). The pattern

replicated that of the two previous time points, in order from

slowest to fastest: 1-10-1 (M = 32.47, SD = 10.10) > 6-6 (M =

24.57, SD = 9.52, t(87.2) = 5.57, p < 0.001) > 3-6-3 (M = 22.27,

SD = 7.00) 3-3-3-3 (M = 16.41, SD = 5.52, t(87.2) = 4.99, p <

0.001). While 6-6 did not significantly differ from 3-6-3, all other

task combinations significantly differed at p < 0.001. There was no

significant effect of presentation order, F(3,77) = 1.79, p = 0.16, η2p
= 0.07.

Finally, there was a significant main effect of group, F(3,7) =

42.69, p < 0.001, η2p = 0.95. Group 2 (M = 37.76, SD = 9.90) was

significantly slower than Group 3 [M = 26.78, SD= 7.38, t(16.3)=

3.63, p < 0.05], group four (M = 20.69, SD = 6.97, t(16.3) = 5.98,

p < 0.001 and Group 1 [M = 14.12, SD = 4.00, t(46) = 6.76, p <

0.001]. Group 3 was significantly slower than Group 1; t(16.3) =

4.18, p < 0.01. All other comparisons were not significant.

Main e�ect of time

A mixed effect model, without interactions, was used to

examine the main effect of time and the other variables (group,

order, task, instruction, and time), X2 (14) = 136.01, p < 0.001.

There was a significant main effect of time, F(2,278.67) = 22.29, p <

0.001, η2p = 0.14. In comparison to the baseline (M = 43.45, SD
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FIGURE 4

(A, B) Box and whisker plot displaying movement execution times at post and retention for practice condition. This figure shows the distribution of

movement execution time data and skewness for all practice conditions at the post and retention test time points. These data are presented by

displaying a six-number summary including: the minimum score (bottom of lowest line), first (lower) quartile (lower line), median (black horizontal

line), third (upper) quartile (upper line), mean (black dot) and maximum score (top of upper line); *p < 0.05.

= 36.59), mean times were significantly faster at the post-test [M

= 24.81, SD = 10.29, t(291) = 5.44, p < 0.001] and the retention

test (M = 23.93, SD = 9.96, t(291) = 5.86, p < 0.001). Post-

test and retention test time points did not significantly differ from

each other.

Interactions between time and the other variables were then

added to the model, X2 (24) = 89.42, p < 0.001, 1AIC −41.5.

There was no significant interaction between time and practice

condition, F(6,277.83) = 0.21, p = 0.97, η2p = 0.00. There was a

significant interaction between time and task, F(6,277.83) = 3.60,

p < 0.01, η2p = 0.07. While the differences between the mean

execution times for the four tasks were larger at the baseline than

at the post test and retention, the order remained the same at

these two time points. There was a significant interaction between

time and order, F(6,277.83) = 3.60, p < 0.01, η2p = 0.07. While

the order effect was significant at the baseline, this effect was not

significant at both the post-test and retention. There was also a

significant interaction between time and group, F(6,278.91) = 10.36,

p < 0.001, η2p = 0.18. This reflects that the effect of group was

significant at the post and retention tests, but not significant at

the baseline.

Interaction e�ects within the Graeco-Latin
square design

An assumption of the Graeco-Latin square design is that

of a null main effect for the Graeco factor (i.e., cup-stacking

sequence). In the present study the cup-stacking sequences

varied significantly in their associated movement execution times

(reflecting differences in their inherent task complexity), which

according to Kohli (107), does not permit a useful interpretation

of the related interactions between the treatment factor (practice

condition) and each of the other blocking factors (group and

presentation order).

Additional outcome measures
Perceived impact of stroke

The results of the perceived impact of stroke (Stroke Impact

Scale; SIS) are shown at baseline and retention test time

points for individual participants in Table 3. Minimal detectable

change and clinically important differences were observed, prior

to and after the intervention, in all 8 domains and in total

stroke recovery.
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Motor imagery ability

Participants had significantly stronger imagery ability when

they performed MI using their non-paretic limb at the baseline

in comparison to their paretic limb (5.44 vs. 4.36; F(1,45) = 14.98;

p < 0.001; η2p = 0.25). This difference was maintained at the

retention time point (5.41 vs. 4.45; F(1,45) = 26.81; p < 0.001; η2p
= 0.37). When these data were collapsed across limbs, there was

no significant difference between the three MIQ-3 sub-scales at the

baseline, and no significant improvement in ease of MI generation

overall between the baseline and the retention test. However, at

the retention test time point a significant difference was observed

between the MIQ-3 subscales, F(2, 45) = 6.46; p < 0.001; η2p =

0.22. The subscales that presented the weakest to strongest ease of

imagery generation at retention are: kinaesthetic (M = 4.61, SD =

1.53) < external visual (M = 4.96, SD = 1.43) < internal visual

imagery (M = 5.42, SD = 1.14). Internal visual imagery ability was

significantly greater than kinaesthetic imagery at the retention time

point, t(48.2)= 3.46, p < 0.01. Participants’ imagery ability did not

change from the baseline to the retention test time points, and the

main effect of group was not significant in each analysis.

Upper extremity performance

The two-factorial ANOVA revealed a significant main effect

of limb, F(1,105) = 45.23, p < 0.001, η2p= 0.30. Upper extremity

performance was significantly better overall in the non-paretic

compared to the paretic limb (M = 14.25, SD = 3.93 vs. M =

7.66, SD = 7.67). Neither the main effect of time, nor the two-way

interaction were significant (see Table 4).

Self-reported imagery use over time

Descriptive analyses show that ease of imagery generation was

higher overall for AO+MI than for MI in both visual imagery (5.6

vs. 4.8, see Table 5) and kinaesthetic imagery (5.2 vs. 4.1) subscales.

When averaged over both the visual and kinaesthetic items for

both the AO + MI and MI practice conditions the ease of imagery

generation improved slightly from Day 1 to Day 3 (5.4 vs. 4.5).

Participants who reported spontaneous or unintentional MI in the

AO practice condition also reported a reduction in frequency of

imagery use from 57.14% of trials with spontaneous MI during

AO on Week 2, to 14.29% on Week 6. In this subset of the data,

imagery perspective also shifted from a 25% preference for an

internal perspective onWeek 2 to a 100% preference for an internal

perspective on Week 6.

Social validation

Thematic analyses of the qualitative data generated three

distinct themes, as described below.

Perceived impact

All participants who were available for the qualitative data

collection after the studywas completed (n= 9, 100%) reported that

AO+MI was the most impactful and effective practice condition:

“It was more believable and easier to associate with the

video you could get your head around it, it was more realistic,”

Participant 8.
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TABLE 4 Action research arm test (ARAT) scores at pre and retention test time points.

Pre-Test

Grasp Grip Pinch Gross movement

Participant Paretic side Left Right Left Right Left Right Left Right Total left Total right

1 L 18 18 12 12 18 18 9 9 57 57

2 L 0 18 0 12 0 18 0 9 0 57

3 L 0 18 0 12 0 18 0 9 0 57

4 R 18 15 12 12 18 15 9 0 57 42

5 R 18 18 12 12 18 18 9 9 57 57

6 R 18 18 12 12 18 18 9 9 57 57

7 L 0 18 0 12 0 18 0 9 0 57

M (SD) 10.29 (9.62) 17.57 (1.13) 6.86 (6.41) 12.00 (0.00) 10.29 (9.62) 17.57 (1.13) 5.14 (4.81) 7.71 (3.40) 32.57 (30.47) 54.86 (5.67)

Retention Test

Grasp Grip Pinch Gross movement

Participant Paretic side Left Right Left Right Left Right Left Right Total left Total right

1 L 18 18 12 12 18 18 9 9 57 57

2 L 0 18 0 12 0 18 0 9 0 57

3 L 0 18 0 12 0 18 0 9 0 57

4 R 18 15 12 12 18 18 9 0 57 45

5 R 18 18 12 12 18 18 9 9 57 57

6 R 18 18 12 12 18 18 9 9 57 57

7 L 0 18 0 12 0 18 0 9 0 57

M (SD) 10.29 (9.62) 17.57 (1.13) 6.86 (6.41) 12.00 (0.00) 10.29 (9.62) 18.00 (0.00) 5.14 (4.81) 7.71 (3.40) 32.57 (30.47) 55.29 (4.54)

The 19 items comprising the ARAT are scored using a 4-point ordinal scale, as follows: 0= no movement, 1=movement task is partially performed, 2=movement task is completed but takes

abnormally long, 3 = movement is performed normally. Scores of <10 points are considered poor, between 10 and 56 points–moderate and 57 points or above correlate with good recovery.

Simpson and Eng (110) identified the minimal detectable change (MDC–at 95% confidence level) to be a change in score of 3.5. And van der Lee et al. (111) identified the minimally clinically

important difference (MCID) in a defined chronic stroke population to be 10% of the total range of the measure (i.e., 5.7 points) and 12–17 points for a defined acute stroke population. None

of the participants in the present study showed improvement in either limb that would meet the threshold defined as a MCD or a MCID.

“I was imagining how it would feel if my hands were doing

it, so I was imagining the muscle in my bad arm lifting up, and

the same in my other arm,” Participant 4.

“I could even imagine the noises with it,” Participant 1.

“It gave me a plan, and I could see what was expected and

I had a good idea from the start, which for me I find most

difficult—making a start,” Participant 9.

The AO + MI condition was also the only condition

that participants reported evoking or triggering any mental or

physiological responses:

“I could feel slight twitches, at the beginning I couldn’t

actually do that, but toward the end I could. I [also] noticed

my finger, because I was imagining moving it, it was twitching,”

Participant 5.

Perceived difficulty

Most participants (56%) reported that AO was the

most difficult:

“There was a distraction. It was difficult to dissociate [the

imagery] and only look for the dots. I was concentrating and

thinking for it,” Participant 5.

33% of participants believed the MI condition was the

most difficult:

“It felt too passive, I didn’t feel involved with it,”

Participant 3.

“When I was doing it, I was trying to match the speed and I

was a little bit off keeping time, it was difficult,” Participant 7.

One participant (11%) reported that AO + MI was the most

difficult condition to undertake:
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“In the early stages getting your head around [AO + MI]

was quite difficult but the more you got used to it, the easier it got.

It felt as though it [AO + MI] used more brain cells, you had to

think harder about it rather than just watching it,” Participant 4.

Personal reflections on AO+MI therapy

Participants were invited to provide their general reflections

on the activities undertaken during this study. These were largely

positive in nature, with critical insight provided into the perceived

usefulness and impact of this rehabilitation method in daily living:

“I would [recommend it] it makes your brain tired, so I think

something is working hard in your brain to fulfill that. What I

was pleased about was that I have seemed to improve, I think

something has gone in and stayed there,” Participant 4.

“It was tiring and frustrating at times, but I thoroughly

enjoyed it, and it has made me realize that I am not as useless

as I sometimes think I am. Physically I am doing all I can,

but mentally is the hard one. Anything I can do to improve

memory or planning structure is a plus . . . it can only be a plus,”

Participant 3.

“I used to enjoy cooking before the stroke, but I haven’t had

the confidence to do it since the stroke. I think that now after this

and I had a recipe and instruction I would have more confidence

to follow it,” Participant 1.

“It’s not about doing the motor activity of the task, but the

state of mind and getting your head around the task—it’s mind

over matter,” Participant 7.

“I realize it was important to teach my brain how to do these

things and it has worked, I believe,” Participant 5.

Discussion

This within-participant study was the first to investigate the

extent to which a novel complex cup-stacking task can be learned

in a stroke survivor population through different forms of mental

practice (i.e., AO + MI, AO, and MI). We predicted that the

combined AO + MI practice condition would reduce movement

execution times for the cup-stacking task to a greater extent

than both the AO and MI conditions and an unpractised control

condition, at both the post-test and the retention test time points.

In partial fulfillment of this prediction, a significant main effect

of practice condition was found at the two-week retention test,

while this was not found at the post-test. This specifically identified

that AO + MI practice is the preferable combination for reducing

movement execution times, compared to both the MI and control

conditions in the absence of physical practice of this task. The

results of this experiment therefore support the proposal that novel
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FIGURE 5

(A, B) Box and whisker plot displaying movement execution times at post and retention for task. This figure shows the distribution of movement

execution time data and skewness for all cup-stack tasks at the post and retention test time points. These data are presented by displaying a

six-number summary including: the minimum score (bottom of lowest line), first (lower) quartile (lower line), median (black horizontal line), third

(upper) quartile (upper line), mean (black dot) and maximum score (top of upper line); *p < 0.05; **p < 0.01; ***p < 0.001.

complex actions can be learned and retained, in a chronic stroke

survivor population.

The e�ects of practice condition on
neurorehabilitation

At the baseline, post-test, and retention tests, neither the AO

nor the MI practice condition yielded significantly faster cup-

stacking times when compared with the unpractised control. Next,

we offer interpretations of these two findings, before addressing the

significant advantage for AO+MI training at the retention test.

Action observation e�ects
While undertaking the AO practice condition, participants

were instructed to watch the on-screen cup-stacking sequence in a

way that encouraged passive attention to themovement kinematics,

rather than intentional imitation of the task. To control for the

potential, confound of spontaneous or unintended MI during

the pure AO condition, and to control for fluctuations in each

participant’s motivation and attention to the task across trials,

participants were asked to attend to the occasional appearance

of a colored dot. Notably, our results did not replicate Hebert’s

(93) significant finding for AO, which showed cup-stacking

times reduced when healthy adult participants were instructed

to either engage in physical practice prior to observation or

observe the action before intentionally imitating the action. Instead,

we replicate the finding for the pure AO condition reported

in Binks et al. (77) that there was no significant reduction in

movement execution times at either the post-test or the retention

test. This presumably contrasts with Hebert’s (93) finding because

the AO instructions used in their study evoked a fundamentally

different motor process, potentially due to spontaneous MI during

AO. The impact of this potential confound was reduced in the

present study.

The proposed benefit of AO, in regard to motor skill learning, is

to enhance the structure of mental representations by specifying the

sequencing and timing of basic action concepts (61). Research from

Rüther et al. (112), for example, found that the action observation

network, which comprises sensorimotor brain regions, was engaged

when participants observed a novel object construction task from a

visual picturematching cue or a partner who sat opposite. Crucially,

while AO has been found to evoke activity in the areas of the
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brain that partially overlap with those responsible for movement

execution (113), a limitation of AO is that it provides a visual

representation of an action, without necessarily involving a sense

of agency in the observer, nor promoting a focus on one’s own

body schema and the related kinaesthetic sensations of the observed

action (56).

Motor imagery e�ects
In the present study, we similarly identified that MI practice

did not produce a significant improvement in mean movement

execution times compared with the unpractised control condition,

at both the post-test and retention test. This finding is in

line with the results of Welage et al.’s (24) meta-analysis and

replicates the findings of Binks et al.’s (77) study for pure MI.

While completing the MI practice condition, participants in

the present study were instructed to imagine performing cup-

stacking in an internal 1st person visual perspective and were

also asked to maintain an emphasis on “feeling” the sensations

associated with the imagined action. A strength of our approach

was that the MI condition presented a series of still-images

portraying the cup-stack sequence. This communicated a visual

instruction for imagining the novel action in a realistic way without

involving observation of a dynamic action. This also ensured

for temporal congruence in MI across the MI and AO + MI

conditions. Crucially, this further meant that the information

used to convey the different tasks across the AO, MI, and

AO + MI conditions were equitable, reducing the impact of

“information” as a potentially confounding variable across these

three conditions.

While previous research in a healthy population has

demonstrated that kinaesthetic MI can enhance corticospinal

excitability, as assessed using TMS (43, 44, 114), a limitation

of MI in a stroke survivor population is that if an individual is

unskilled, inexperienced or has a damaged neuronal network

pertaining to the proposed task, activation of the brain regions

involved in MI will likely be more bilateral and diffuse than when

the individual has experience in performing the physical task,

and the associated behavioral gains are limited (115, 116). MI

practice has also been theorized to lack the core component of

sensory feedback, which is an essential ingredient for a stroke

survivor’s ability to update the functional motor plan based on

an error detection and correction mechanism (117). To further

investigate this, Welage et al.’s (24) meta-analysis reviewed the

effect that MI interventions had on 245 participants, over five

studies. MI alone did not yield a positive effect on relearning

upper extremity function after stroke. Encouragingly, those

authors suggested future research should investigate the effect of

performing imagery while receiving concurrent AO and explore

if this would induce a greater effect on the upper limb functional

recovery. In partial support of this proposal, in the present

study ease of internal visual imagery was significantly greater

than kinaesthetic imagery at the retention test only, indicating

a potential change over time. Future research should, however,

determine if such changes in fact reflect the natural variance

occurring in MI ability in a stroke survivor population, or a

worthwhile change.

Action observation during motor imagery e�ects
In contrast to the null effects reported for both the AO

and MI conditions, the present within-participants experiment

demonstrates that AO + MI practice was effective for the

acquisition of a novel and complex motor skill in the absence

of physical practice. This result is in line with previous between-

group studies demonstrating beneficial practice effects for AO +

MI training in neurotypical populations compared to AO [e.g.,

(118)], or MI [e.g., (71, 72)], or compared to both AO and MI (74–

76). Building upon the significant findings of Binks et al. (77), the

present study is the first to fully counterbalance the research design

to control for several common sources of extraneous variability,

while analyzing motor learning via mental practice in a stroke

survivor population.

Lugassy et al. (119) found that procedural complex motor

learning is stabilized and enhanced only after post-acquisition

consolidation processes. In their study, gains in performance were

only accumulated after a period of more than 24 h following skill

acquisition and not after a 12-hour interval, despite also including

sleep. Likewise, in the present study, participants who executed the

task at the immediate post-test may not have had a sufficient period

of learning consolidation (i.e., the 2-week retention period). They

may also have experienced some fatigue at the post-test resulting

from the mental practice undertaken on that day, which might have

impacted the post-test findings.

The present study provides a continuation of support for the

work of Sun et al. (81), Choi et al. (82), and Robinson-Bert and

Woods (83), which similarly showed AO + MI instructions can

enhance upper-extremity neurorehabilitation in stroke survivors.

We extend their work by demonstrating that, despite the lower

training dosage used in the current study, beneficial AO +

MI effects were obtained following a 2-week retention period.

Specifically, the main effect of practice condition was found at the

two-week retention test, but not at the post-test.

This finding also aligns with recent stroke research showing

AO + MI practice can improve the following: vascular cognitive

impairments (84), activation and functional connectivity of

brain regions involved in swallowing (120), and classification of

performance in a brain-computer interface (121).

The main strength and proposed novelty of our research design

was that the AO + MI practice condition was paired with each of

the four different cup-stacking tasks, with different presentation

orders in a fully counterbalanced way across the four groups.

In the post-hoc analyses, where results were averaged over the

factors of group, task and order, AO + MI produced significantly

faster cup-stacking sequences than MI and the unpractised control

at the retention test. We propose the following explanations

for the enhanced task performance in the combined AO + MI

practice condition, compared with the applications of AO and

MI independently.

It has been stated that relevant and experience-dependent

practice, which encourages the brain to create and reorganize

functionally appropriate neural connections, is the crux of

neurorehabilitation. MI may be a sub-optimal neurorehabilitation

tool for this experience due to the limitations inherent in the

self-generation of action-related feedback, crucial for updating,

maintaining, or creating an accurate motor plan de novo. This
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approach may also reinforce neural connections within the

parameters of existing self-taught compensatory strategies–all of

which have been found to interfere with the rehabilitation of the

damaged brain (122). More positively, it was proposed by Therrien

et al. (123, 124) that while observing an action it may be possible to

adjust errors in one’s own existing forward model of the action in

real-time, encouraging the damaged brain to reorganize, reallocate

and shape its connections to match the intended observed action.

To build upon this, the proposed benefit of AO + MI, for a stroke

survivor, is the continuous opportunity for refining and updating

the visually-guided components of the mental simulation (55–57),

while scaffolding their kinaesthetic-imagery-driven simulation to

match. The AO + MI instruction would theoretically drive neural

responses that stimulate functionally accurate growth selection

and synaptic reorganization patterns, thus providing a unique way

to practice and maintain an internal motor representation of the

observed action. In this way, AO + MI training is established as

an advantageous method for motor skill acquisition in the absence

of physical practice. This concept is supported by our data, whereby

participants reported that they found the ease of generating imagery

increased during AO + MI training in comparison to MI training

in both the visual imagery and kinaesthetic imagery subscales.

While we did not study neurophysiological activity in the

present study, it is unlikely that visual representations, without the

activation of motor related processes, would significantly impact

subsequent physical movement times (125). Wright et al. (61) used

TMS to investigate the extent to which corticospinal excitability can

be modulated in healthy adults through different forms of mental

practice (i.e., AO + MI, AO, and MI) during a basketball free

throw. This experiment also found the independent use of AO or

MI did not significantly differ when compared with the control

condition. During AO + MI, however, corticospinal excitability

was significantly greater than both the AO and a control condition.

These results indicate that a pronounced neurophysiological

response occurs when we are instructed to practice AO + MI

rather than practicing either AO or MI without the other [see

(62)]. AO + MI may therefore promote functional connectivity

and plasticity within the brain in a unique way, facilitating motor

execution as learning progresses [see (126)]. Moreover, it is possible

that the benefits found for combined AO + MI training resulted

from a process whereby an AO-triggered and a MI-generated

representation were both maintained either in parallel or were

merged to consolidatemotor processes and facilitate the early phase

of motor relearning (56). Future research could now explore this

proposal using brain imaging techniques in stroke survivors.

In our study, we used a passive form of AO that is not

directly comparable to the instructions used in conventional AO

therapy (e.g., “please observe and then imitate the target action”).

While substantial evidence supports the use of AO therapy for

promoting upper-limb recovery in stroke rehabilitation [see (20–

24)], this approach does not routinely instruct patients on how

to engage in MI during AO. Inevitably, some patients might

therefore spontaneously engage their own motor system in an

effortful way during AO, either consciously or unconsciously

(i.e., spontaneous MI without clinical guidance), while others

may not. For those who do spontaneously engage in AO +

MI during AO therapy, there is either little or no guidance

on how to optimize this concurrent MI process. Indeed, this

overlooked issue may even contribute to the heterogeneity both

in the rate and extent of upper-limb recovery via AO therapy.

Instead, our approach was to experimentally tease apart the effects

of passive (or “pure”) AO from a highly structured form of AO

+ MI. While our results indicate that the best way forward in

rehabilitation practice is to augment AO therapy, with specific

guidance tailored to patients on how to engage MI during AO,

future research is now required to test the feasibility and efficacy

of this proposal.

This approach does not preclude instances where practitioners

may wish to alternate between AO and then MI [i.e., asynchronous

AO and MI, (56)]. While research has shown that this approach

can be more effective than using synchronous AO + MI for

motor learning in healthy adults [e.g., (74–76)], the reverse pattern

of results was found in stroke rehabilitation (81). In the studies

of asynchronous AO and MI, however, the instructions did not

aim to prevent spontaneous MI during the AO segments. If

this had occurred, the design would amount to a more intense

schedule alternating between AO + MI and MI, rather than

plainly alternating between AO and MI (56). Future research

should therefore explore whether this more intense dose of

motor simulation is advantageous for rehabilitation. Indeed, it

may be that the heterogeneity in brain injuries caused by stroke

(see Table 1) will to some extent determine the suitability of

different mental practice techniques for promoting rehabilitation.

It is therefore necessary for future research to establish a more

detailed mechanistic understanding of the neurophysiological

effects of mental practice before such tailored recommendations

can be made.

Accounting for extraneous variables in the
research design

Amajor strength of the present design was the ability to account

for extraneous factors which influence the design, while carrying

through the design into the analysis of the results. The present study

utilized a Graeco-Latin square design, which allowed systematic

control over four sources of extraneous variability. This design

permitted investigation into all four factors: rows (group), columns

(order), Latin letters (practice condition) and Greek letters (task).

A strength of this counterbalanced design is that the tasks appear

only once with each practice condition, ensuring each factor is

statistically orthogonal to all other factors (i.e., rows and columns),

thereby further reducing experimental error.

In relation to the four cup-stacking tasks, the present

experiment incorporated sequences approved by the World Sport

Stacking Association (WSSA). The cups are specially designed to

be aligned as a pyramid (i.e., the inside left lateral adjunct of each

cup with that of the next), in a predetermined sequence as fast

as possible. This is a complex and controlled motor sequencing

task, where error is reliably reflected in mean execution times

(93–105, 107, 108, 112–115, 117–127).

At baseline, post and retention test time points the direction

of significant differences between tasks replicated the findings of

Binks et al. (77). The mean times for each cup-stacking task (i.e.,

Greek letters within the design) were significantly different from
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one another, which identified increasing complexity across the

four tasks in the following order: 1-10-1 > 6-6 > 3-6-3 > 3-3-

3-3. As revealed by the significant time by task interaction, the

magnitude of these differences was largest at baseline compared to

the other two time points and remained the same between post and

retention test time points. Each task was given to each group in a

different (and randomly allocated) presentation order. The strength

of this design feature is that it allows researchers to control for

experimental error by minimizing potential confounds of learning

through sequence (i.e., an order effect) while modulating task

complexity. A limitation of this design for the present study,

however, is that the interaction effects within the Graeco-Latin

square design cannot be tested, as they are confounded with

the main effects (107). That is, the practice condition effects are

derived from averaging performance across four tasks that differ

in complexity from each other.

All participants were randomly assigned to one of four groups

before participating in the present study. Once they were allocated

to a random permutation of the Graeco-Latin Square (see Table 2),

each group faced four unique combinations of the practice

condition and cup-stack task pairings. A significant interaction

effect between group and time was observed across the post-test

and the retention test time points only. We offer two explanations

for the effect that random pairings had on the overall quickness of

Group 1 and the slowness of Group 2. Previously, we noted that

modulating task complexity is desirable in the present design and

population, as it is possible to control for experimental error by

minimizing potential confounds of learning through sequence (i.e.,

an order effect). However, a restriction is that the Graeco-Latin

square design assumes a null effect of the Greek letters (in this case;

cup-stacking task). All participants in Group 1 experienced the

most difficult task (1-10-1) in the first order with the most optimal

practice condition (AO+MI), therefore enhancing the learning in

this group in all the subsequent randomized permutations of task

and practice condition pairings. This effect was magnified by the

final order of Group 1 which contained the easiest task (3-3-3-3)

paired with the unpractised control. Conversely, Group 2 contained

the combination of the most difficult tasks with the slowest practice

conditions (unpractised+ 6-6; MI+ 1-10-1).

We also analyzed the impact of presentation order on time

taken to execute cup-stacking sequences. At the baseline, Order 1

was found to be slower than Order 2, 3 and 4. Unsurprisingly, this

order effect indicates that at baseline (when results are averaged

over the levels of: group, practice condition and task) participants

were slowest in the cup-stack that they physically executed first,

compared with the cup-stacks that they subsequently executed. The

absolute mean difference between orders was Order 1 > Order

2 (4.0 s), Order 2 > Order 3 (10.1 s), and Order 3 > Order 4

(1.2 s). These results most likely reflect an initial “fast” learning

phase that is typically associated with execution of a novel action

in the very early stages of skill acquisition. This is evidenced in a

wide array of behavioral and neurophysiological studies that have

investigated the role of fast and slow experience-driven changes

for the acquisition of skilled motor performance in novices [see

(128)]. The significant time by order interaction revealed that

this pattern of results was not replicated at the post or retention

test, suggesting that learning was consolidated during the motor

simulation training phase and between post-test and retention test

time points (119). The significantmain effect of time further verifies

this conclusion as there was no significantmain effect of order at the

retention test.

Given the significant impact that order had at baseline, future

research into genuine mental practice effects should similarly

attempt to randomly permute task and treatment factors (such

as practice condition), while ensuring the treatment factor is

statistically orthogonal to all other factors in their design, such

as group allocation or presentation order. Further research could

also isolate and explore possible interactions between AO + MI

instructions and task complexity. For example, in the context

of the widely-researched principles of instructional design theory

(129). Specifically, this theory states that learning is optimized

when it is organized hierarchically from simple instructions, early

in learning, to more complex instructions, later in learning and

when it provides a meaningful context in which subsequent ideas

can be integrated. An interesting question is whether AO + MI

instructions provide a more holistic and meaningful context for

motor learning, in which subsequent stimuli can be integrated to

advance learning regardless of task complexity.

The semi-structured social validation interview was used to

check for compliance with the intended manipulations, while

gauging participants’ perceptions and experiences of the training

phase. Here important and largely positive statements provide

critical insights into the perceived usefulness and impact of the

rehabilitation method. Unanimously, AO + MI was perceived

as the most impactful and effective practice condition. When

participants were invited to reflect about the experience, the AO +

MI training was recommended, in their opinions, as a worthwhile

intervention. These qualitative insights underscore the importance

of gathering user feedback for the purpose of tailoring future

iterations of the AO + MI protocol to better suit stroke survivor

characteristics. Amain goal of neurorehabilitation is to improve the

quality of participants’ daily living, and this can be improved when

user groups can contribute to the feasibility of the protocol design.

There are three main design considerations that are noteworthy

in the present study. Firstly, it is feasible that if participants had

been exposed to a longer training period, better cup-stacking

performances may have been achieved. For reference, Schuster

et al.’s (130) systematic review outlines best practice for motor

imagery interventions. Their review of 133 studies found the

average imagery intervention to last 178min. The present study

required participants to practice for only 75min over 5 weeks, it

is therefore telling that significant results were still obtained over

this relatively short training duration.

Secondly, we monitored and discovered a degree of

spontaneous and unintended imagery use in the pure AO

practice condition. At Week 2 of training, only 57.14% of

participants reported that they were confident they did not use

imagery during AO. This happened although all participants

were clearly instructed not to do so. Crucially, this did not lead

to significant improvements in movement execution in the AO

condition, relative to the other practice conditions at either the

post-test or retention test. Spontaneous MI use in AO was reduced

to 42.86% on Week 4, and 14.29% on Week 6. We investigated all

forms of unintended imagery using a questionnaire, which was
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adapted from the MIQ-3 (86). Of the participants who reported

unintended imagery use, these participants were also more likely to

use an external 3rd person visual perspective in the AO condition

compared to in both the MI and AO + MI conditions (Week 2 =

25% internal; Week 4= 66.66% internal; Week 6= 100% internal).

Clearly, any imagery use during the AO condition was undesirable

in this experiment; however, we highlight the importance of

monitoring its use and, as such, this is one of the first behavioral

studies to account for unintended imagery use during a motor

learning study.

Finally, we required all participants to incorporate small hand

raises while watching the video on each trial in the training

phase. While the conventional viewpoint of imagery is still

widely predicated upon participants remaining still throughout

imagery practice, the last decade has revealed encouraging research

into dynamic forms of imagery, which involves small physical

movements to indicate imagery performance (131). As such, this

feature of our design aimed to control for attention and adherence

to the task, while encouraging both spatial and temporal motor

congruence with the desired movement. This approach is further

supported by Guillot et al.’s (132) most recent review of imagery

practice, which highlights the positive influence that a more

dynamic form of imagery can have onmotor performance, learning

and recovery.

It is worth noting that administering an additional baseline

test, for example, 4 weeks prior to the start of the experiment

would have helped to establish the functional stability of the

participants’ stage of recovery prior to the intervention. Given that

our sample was between 6- and 65-months post first stroke onset,

however, we can assume that these participants would all be in a

relatively stable recovery phase, that is, unaffected by potentially

confounding factors such as spontaneous early recovery. Moreover,

all participants were instructed to maintain their normal physical

activity routines throughout the duration of the experiment.

The present study worked with a population who experienced

a stroke >2 years before the experiment, therefore, the ability

in their non-paretic limb was unchanged and their ability in the

paretic limb was formed. Significant advances in ARAT ability

were unlikely because there was no physical practice between the

baseline and post-test and there was no focus on improving the

specific motor tasks contained within the ARAT. In addition, no

observed improvement in ARAT ability would control for any

potential confound of physical improvement. Despite this, analysis

of the stroke impact scale yields some positive self-reported results

in all domains of everyday functioning across participants that

cover a variety of different health dimensions which are important

to stroke survivors: strength, memory, emotions, communication,

activities of daily living and instrumental activities of daily living

(ADL/IADL), mobility, hand function, participation, and total

stroke recovery (see Table 3).

Conclusion

The main finding of this experiment is that combined

AO + MI practice of a complex and novel cup-stacking task

resulted in significantly shorter movement execution times in

stroke survivors at retention relative to MI and an unpractised

control condition. Individual participants also reported clinically

important changes in quality of life (Perceived impact of stroke;

Stroke Impact Scale) and positive experiences of the AO + MI

therapy (social validation). These results prompt opportunities

and future considerations in the design and delivery of training

methods and interventions in neurorehabilitation. Based on the

results in the present study, we propose that when physical practice

is not suitable, combined AO + MI therapy could be a useful

adjunct for neurorehabilitation in chronic stroke survivors. Future

research is now required to test the feasibility and efficacy of this

approach in a larger trial.
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