
Edited by  

Elizabeth Rochon, Carolee Winstein, Gail A. Eskes and Elizabeth Skidmore

Published in  

Frontiers in Rehabilitation Sciences

Combined therapeutic 
approaches to neurological 
rehabilitation

https://www.frontiersin.org/journals/rehabilitation-sciences
https://www.frontiersin.org/research-topics/20507/combined-therapeutic-approaches-to-neurological-rehabilitation#articles
https://www.frontiersin.org/research-topics/20507/combined-therapeutic-approaches-to-neurological-rehabilitation#articles
https://www.frontiersin.org/research-topics/20507/combined-therapeutic-approaches-to-neurological-rehabilitation#articles


December 2022

Frontiers in Rehabilitation Sciences 1 frontiersin.org

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is 

a pioneering approach to the world of academia, radically improving the way 

scholarly research is managed. The grand vision of Frontiers is a world where 

all people have an equal opportunity to seek, share and generate knowledge. 

Frontiers provides immediate and permanent online open access to all its 

publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-

access, online journals, promising a paradigm shift from the current review, 

selection and dissemination processes in academic publishing. All Frontiers 

journals are driven by researchers for researchers; therefore, they constitute 

a service to the scholarly community. At the same time, the Frontiers journal 

series operates on a revolutionary invention, the tiered publishing system, 

initially addressing specific communities of scholars, and gradually climbing 

up to broader public understanding, thus serving the interests of the lay 

society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely 

collaborative interactions between authors and review editors, who include 

some of the world’s best academicians. Research must be certified by peers 

before entering a stream of knowledge that may eventually reach the public 

- and shape society; therefore, Frontiers only applies the most rigorous 

and unbiased reviews. Frontiers revolutionizes research publishing by freely 

delivering the most outstanding research, evaluated with no bias from both 

the academic and social point of view. By applying the most advanced 

information technologies, Frontiers is catapulting scholarly publishing into  

a new generation.

What are Frontiers Research Topics? 

Frontiers Research Topics are very popular trademarks of the Frontiers 

journals series: they are collections of at least ten articles, all centered  

on a particular subject. With their unique mix of varied contributions from  

Original Research to Review Articles, Frontiers Research Topics unify the 

most influential researchers, the latest key findings and historical advances  

in a hot research area.

Find out more on how to host your own Frontiers Research Topic or 

contribute to one as an author by contacting the Frontiers editorial office: 

frontiersin.org/about/contact

FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual 
articles in this ebook is the property 
of their respective authors or their 
respective institutions or funders.
The copyright in graphics and images 
within each article may be subject 
to copyright of other parties. In both 
cases this is subject to a license 
granted to Frontiers. 

The compilation of articles constituting 
this ebook is the property of Frontiers. 

Each article within this ebook, and the 
ebook itself, are published under the 
most recent version of the Creative 
Commons CC-BY licence. The version 
current at the date of publication of 
this ebook is CC-BY 4.0. If the CC-BY 
licence is updated, the licence granted 
by Frontiers is automatically updated 
to the new version. 

When exercising any right under  
the CC-BY licence, Frontiers must be 
attributed as the original publisher  
of the article or ebook, as applicable. 

Authors have the responsibility of 
ensuring that any graphics or other 
materials which are the property of 
others may be included in the CC-BY 
licence, but this should be checked 
before relying on the CC-BY licence 
to reproduce those materials. Any 
copyright notices relating to those 
materials must be complied with. 

Copyright and source 
acknowledgement notices may not  
be removed and must be displayed 
in any copy, derivative work or partial 
copy which includes the elements  
in question. 

All copyright, and all rights therein,  
are protected by national and 
international copyright laws. The 
above represents a summary only. 
For further information please read 
Frontiers’ Conditions for Website Use 
and Copyright Statement, and the 
applicable CC-BY licence.

ISSN 1664-8714 
ISBN 978-2-88976-469-3 
DOI 10.3389/978-2-88976-469-3

https://www.frontiersin.org/journals/rehabilitation-sciences
https://www.frontiersin.org/
https://www.frontiersin.org/about/contact
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


December 2022

Frontiers in Rehabilitation Sciences 2 frontiersin.org

Combined therapeutic 
approaches to neurological 
rehabilitation

Topic editors

Elizabeth Rochon — University of Toronto, Canada

Carolee Winstein — University of Southern California, United States

Gail A. Eskes — Dalhousie University, Canada

Elizabeth Skidmore — University of Pittsburgh, United States

Citation

Rochon, E., Winstein, C., Eskes, G. A., Skidmore, E., eds. (2022). Combined 

therapeutic approaches to neurological rehabilitation. Lausanne: Frontiers Media 

SA. doi: 10.3389/978-2-88976-469-3

https://www.frontiersin.org/journals/rehabilitation-sciences
https://www.frontiersin.org/
http://doi.org/10.3389/978-2-88976-469-3


December 2022

Frontiers in Rehabilitation Sciences 3 frontiersin.org

05 Editorial: Combined Therapeutic Approaches to Neurological 
Rehabilitation
Elizabeth Rochon, Gail A. Eskes, Elizabeth R. Skidmore and 
Carolee J. Winstein

07 Effect of an Intensified Combined Electromyography and 
Visual Feedback Training on Facial Grading in Patients With 
Post-paralytic Facial Synkinesis
Gerd F. Volk, Benjamin Roediger, Katharina Geißler, 
Anna-Maria Kuttenreich, Carsten M. Klingner, Christian Dobel and 
Orlando Guntinas-Lichius

16 Relating Global Cognition With Upper-Extremity Motor Skill 
Retention in Individuals With Mild-to-Moderate Parkinson’s 
Disease
Jennapher Lingo VanGilder, Cielita Lopez-Lennon, Serene S. Paul, 
Leland E. Dibble, Kevin Duff and Sydney Y. Schaefer

24 Combining Repetitive Transcranial Magnetic Stimulation and 
Video Game-Based Training to Improve Dexterity in 
Parkinson’s Disease: Study Protocol of a Randomized 
Controlled Trial
Manuela Pastore-Wapp, Dirk Lehnick, Tobias Nef, Stephan Bohlhalter 
and Tim Vanbellingen

32 Does Right-Hemispheric Anodal tDCS Enhance the Impact of 
Script Training in Chronic Aphasia? A Single-Subject 
Experimental Study
Mathieu Figeys, Esther Sung Kim and Tammy Hopper

41 Dalfampridine for Mobility Limitations in People With Multiple 
Sclerosis May Be Augmented by Physical Therapy: A 
Non-randomized Two-Group Proof-of-Concept Pilot Study
Prudence Plummer, Silva Markovic-Plese and Barbara Giesser

50 Does Integrating Cognitive and Psychological Interventions 
Enhance Wellbeing After Acquired Brain Injury? Study 
Protocol for a Phase II Randomized Controlled Trial of the 
VaLiANT (Valued Living After Neurological Trauma) Group 
Program
Nick Sathananthan, Eric M. J. Morris, David Gillanders, Lucy Knox, 
Bleydy Dimech-Betancourt, Bradley J. Wright, Roshan das Nair and 
Dana Wong

63 A Socially Assistive Robot for Stroke Patients: Acceptance, 
Needs, and Concerns of Patients and Informal Caregivers
Ayelet Dembovski, Yael Amitai and Shelly Levy-Tzedek

78 Predicting Individual Treatment Response to rTMS for Motor 
Recovery After Stroke: A Review and the CanStim Perspective
Franziska E. Hildesheim, Alexander N. Silver, 
Adan-Ulises Dominguez-Vargas, Justin W. Andrushko, 
Jodi D. Edwards, Numa Dancause and Alexander Thiel

Table of
contents

https://www.frontiersin.org/journals/rehabilitation-sciences
https://www.frontiersin.org/


December 2022

Frontiers in Rehabilitation Sciences 4 frontiersin.org

95 Treatment of the Linguistic and Temporal Components of 
Lexical Activation to Improve Word Retrieval in Aphasia
Nadine Martin, Jessica Obermeyer, Julie Schlesinger and 
Robert W. Wiley

118 Cognitive Training to Enhance Aphasia Therapy (Co-TrEAT): A 
Feasibility Study
Tijana Simic, Laura Laird, Nadia Brisson, Kathy Moretti, 
Jean-Luc Théorêt, Sandra E. Black, Gail A. Eskes, Carol Leonard and 
Elizabeth Rochon

https://www.frontiersin.org/journals/rehabilitation-sciences
https://www.frontiersin.org/


EDITORIAL
published: 08 June 2022

doi: 10.3389/fresc.2022.918005

Frontiers in Rehabilitation Sciences | www.frontiersin.org 1 June 2022 | Volume 3 | Article 918005

Edited and reviewed by:

Shuo-Hsiu Chang,

University of Texas Health Science

Center at Houston, United States

*Correspondence:

Elizabeth Rochon

elizabeth.rochon@utoronto.ca

Specialty section:

This article was submitted to

Interventions for Rehabilitation,

a section of the journal

Frontiers in Rehabilitation Sciences

Received: 11 April 2022

Accepted: 20 May 2022

Published: 08 June 2022

Citation:

Rochon E, Eskes GA, Skidmore ER

and Winstein CJ (2022) Editorial:

Combined Therapeutic Approaches to

Neurological Rehabilitation.

Front. Rehabilit. Sci. 3:918005.

doi: 10.3389/fresc.2022.918005

Editorial: Combined Therapeutic
Approaches to Neurological
Rehabilitation

Elizabeth Rochon 1,2*, Gail A. Eskes 3, Elizabeth R. Skidmore 4 and Carolee J. Winstein 5,6

1Department of Speech-Language Pathology and Rehabilitation Sciences Institute, University of Toronto, Toronto, ON,

Canada, 2 Toronto Rehabilitation Institute, The KITE Research Institute, University Health Network, Toronto, ON, Canada,
3Departments of Psychiatry, Psychology & Neuroscience, Dalhousie University, Halifax, NS, Canada, 4 School of Health and

Rehabilitation Sciences, Department of Occupational Therapy, University of Pittsburgh, Pittsburgh, PA, United States,
5Division of Biokinesiology and Physical Therapy, Herman Ostrow School of Dentistry, University of Southern California,

Los Angeles, CA, United States, 6Department of Neurology, Keck School of Medicine, University of Southern California, Los

Angeles, CA, United States

Keywords: rehabilitation, neurological disorders, rehabilitation technology, multidisciplinary interventions, motor

learning, cognition, communication, pharmacology

Editorial on the Research Topic

Combined Therapeutic Approaches to Neurological Rehabilitation

In this Frontiers special Research Topic we feature studies that combine intervention approaches
to leverage improved rehabilitation outcomes in one or more domains. Studies examine varied
combinations of neurophysiological, behavioral and pharmacological interventions, to address a
range of cognitive, motor, and communication outcomes. Studies span a variety of neurological
populations, functional domains, rehabilitation disciplines, and designs. By their very nature,
these multi-component interventions all acknowledge the complexity of functional recovery in
rehabilitation, while attempting to uncover underlying neurological and behavioral mechanisms of
recovery, capitalize on the opportunity for neuroplasticity and maximize rehabilitation outcomes.
The studies have implications for both theoretical, mechanistic accounts of experience-dependent
neuroplasticity and for new approaches to interventions in rehabilitation. Several themes emerge
from the 10 papers in this special issue.

First, researchers are investigating the effects of combining brain stimulation with cognitive
or motor treatments to improve outcomes. Pastore-Wapp et al. describe a study protocol in
which repetitive transcranial magnetic stimulation (rTMS) will be combined with video-game-
based skill training compared to a video-game-based skill training alone condition. The hypothesis
is that the combined condition will better improve dexterity in participants with Parkinson’s
disease in both the short and long term, leading to improvement in activities of daily living
and quality of life. Hildesheim et al. review the factors affecting the use of rTMS for enhancing
motor recovery post stroke. This group, The Canadian Platform for Trials in noninvasive Brain
Stimulation (CanStim) network, aims to advance the use of rTMS to enhance post stroke recovery
by encouraging standardized research protocols in clinical and pre-clinical studies. As such, their
paper reviews existing clinical trials for demographic, clinical, and neurobiological factors that
predict treatment response. Their review highlights several potential predictive factors. It also
highlights the high variability in rTMS protocols and study designs and points to the need to
better understand a number of factors, including the mechanisms by which rTMS might enhance
recovery and the need for a better of understanding of the combinatorial approach. In a case
study combining another neuromodulation technique with speech-language treatment, Figeys
et al. employ transcranial direct current stimulation (tDCS) paired with script training for a
stroke survivor with aphasia. Although they found a large effect size for the script training
alone, the addition of tDCS did not improve script accuracy. However, there was a significant
change in the rate of script acquisition. This study’s careful single subject design and analysis
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lead the authors to suggest factors that should be considered in
the application of tDCS to aphasia therapy and in future research.

Additional studies examined the use of interactive
technologies to promote rehabilitation outcomes. Volk
et al. investigated the benefit of an intensive combined
electromyography and visual feedback training program for
patients with postparalytic facial synkinesis. They showed
that facial grading was improved by reducing synkinesis and
that effects were durable over 6 months. They suggest that
these findings warrant a comparison to other approaches in a
future randomized controlled trial; further they highlight the
importance of incorporating patient-reported outcome measures
in future research. In a similar vein, self-reports from stroke
survivors and informal caregivers regarding the use of Socially
Assistive Robots in physical therapy were collected in focus
groups by Dembovski et al.. Several themes emerged from these
very rich, qualitative data, that included both similarities and
differences between stroke survivors and caregivers regarding
the motivational capabilities of robots in therapy, whether robots
are seen as replacements or adjuvants to the clinician, as well as
aspects related to technical/ personalization of robots.

Another theme evident in several papers in this issue is
combinatorial rehabilitation interventions based upon purported
coherent functional networks, domains or systems, resulting in
improved performance or outcomes. Vangilder et al.’s secondary
analysis of clinical trial data shows that global cognition scores
in participants with Parkinson’s disease predicted follow up
performance in an upper extremity motor task. The implications
of this proof-of principle study point to the relationship of
cognitive to motor deficits in recovery, and it raises the
question of which cognitive deficits might be most related
to motor abilities and how combinatorial interventions might
best be structured. With the aim of targeting both mood
and cognition, Sathananthan et al.’s VaLiANT trial combines
cognitive rehabilitation with psychological therapy. This protocol
paper outlines a Phase II trial to evaluate a multi-domain
intervention for individuals with acquired brain injury. The
study will evaluate feasibility as well as a primary outcome of
wellbeing and several secondary outcomes, such as cognition,
mood and quality of life. Two other studies, both targeting
word retrieval in aphasia, focus on a combination of content
and process in their respective interventions. In another single
subject design, Martin et al. contrast the performance patterns in
patients who respond differentially to the linguistic component
(i.e., words) vs. the processing component (i.e., response delay)
of their treatment, suggesting that personalized treatment based
upon accurate diagnosis most likely will lead to better outcomes
and provides support for models of speech production that
incorporate a verbal short-term memory component of word
processing. Simic et al. investigate the feasibility and preliminary
efficacy of combined working memory training and targeted
anomia therapy in individuals with aphasia, showing that this
combination treatment is feasible overall and appears to show
transfer to communication contexts beyond single word naming.
These authors also suggest that further research is warranted
regarding the cognitive abilities that are at play in aphasia therapy
at different stages of recovery.

Lastly, Plummer et al. combine a pharmacological
intervention (dalfampridine) with physical therapy in individuals
with multiple sclerosis in their proof-of-concept study. Results
showed that physical therapy combined with medication tended
to improve walking function (i.e., gait speed) more than when
physical therapy was provided alone. The authors conclude
that physical therapy that is based upon motor relearning
principles, such as was provided in their study, combined with
dalfampridine, warrants further investigation.

This special topics issue well illustrates not only the
potential merits of combinatorial approaches, but also the
diversity of designs ranging from single-subject, focused
reviews, detailed protocols, and small-scale single-site to
planned multi-site randomized clinical trials, each reflecting
the diverse stage of knowledge development and exciting
future trajectory in this topic area. The range of article types
reflects perhaps the rather early stage of this effort to move
research from a silo perspective to a more multidisciplinary
conceptual and collaborative one. If carried forward with
the care and thoughtfulness of the projects described here,
the combined approach is likely to not only promote new
knowledge pertaining to neural and behavioral recovery-
supportive mechanisms of neuroplasticity, but also promote
more feasible application to current multidisciplinary team
approaches. This multidisciplinary team of Guest Editors
hopes that this special topics issue triggers new and creative
conceptual thinking and sound research in this much-needed
area of rehabilitation.
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Effect of an Intensified Combined
Electromyography and Visual
Feedback Training on
Facial Grading in Patients With
Post-paralytic Facial Synkinesis
Gerd F. Volk 1,2, Benjamin Roediger 1, Katharina Geißler 1,2, Anna-Maria Kuttenreich 1,2,

Carsten M. Klingner 2,3, Christian Dobel 1,2 and Orlando Guntinas-Lichius 1,2*

1Department of Otorhinolaryngology, Jena University Hospital, Jena, Germany, 2 Facial Nerve Center, Jena University

Hospital, Jena, Germany, 3Department of Neurology, Jena University Hospital, Jena, Germany

Background: There is no current standard for facial synkinesis rehabilitation programs.

The benefit and stability of effect of an intensified 10-day facial training combining

electromyography and visual biofeedback training was evaluated.

Methods: Fifty-four patients (77.8% female; median age: 49.5 years) with post-paralytic

facial synkinesis (median time to onset of paralysis: 31.1 months) were included in

retrospective longitudinal study between January 2013 and June 2016. Facial function

was assesses at baseline (T0), first days of training (T1), last day of training (T2), and

follow-up visit (T3) at a median time of 6 months later using the House-Brackmann (HB)

facial nerve grading system, Stennert index (SI), Facial Nerve Grading System 2.0 (FNGS

2.0), and Sunnybrook Facial Grading System (SFGS). Pairwise comparisons between

the time points with post-hoc Bonferroni correction were performed.

Results: No significant changes of the gradings and subscores were seen between T0

and T1 (all p > 0.01). The 10-day combined and intensified feedback training between

T1 and T2 improved facial symmetry and decreased synkinetic activity. Facial grading

with the FNGS 2.0 or the SFGS were most suited to depict the training effect. FNGS

2.0, regional score, FNGS 2.0, synkinesis score, and FNGS 2.0 total score improved

significantly (all p ≤ 0.0001). Both, the FNGS 2.0 and the SFGS showed the strongest

improvement in the nasolabial fold/zygomatic and the oral region. Neither the age of the

patient (r = 0.168; p = 0.224), the gender (r = 0.126; p = 0.363) nor the length of the

interval between onset of the palsy and training start (r = 0.011; p = 0.886) correlated

with the changes of the SFGS between T1 and T2. The results remained stable between

T2 and T3 without any further significant change.

Conclusion: Intensified daily combined electromyography and visual biofeedback

training over 10 days was effective in patients with facial synkinesis and benefits were

stable 6 months after therapy.

Keywords: facial nerve paralysis, synkinesis, biofeedback, electromyography, rehabilitation, physical therapy
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Volk et al. Feedback Training for Facial Synkinesis

INTRODUCTION

Post-paralytic facial synkinesis is a disfiguring condition
characterized by involuntary contraction of one or more facial
muscles during voluntary movement of other facial muscles
(1). About 30–40% of patients with acute facial palsy do not
recover completely and develop synkinesis (2). Problems with
eye closure and eating, the inability to smile and affected face-
to-face communication are the major motor impairments and
non-motor symptoms leading to decreased quality of life (3).
Nevertheless, many patients with synkinesis are never referred
to a specialist or with significant delay (4). Besides botulinum
toxin treatment, physical rehabilitation therapy is the most often
prescribed measure (1, 5). The efficacy of physical therapy
is very heterogeneous within the same study and between
studies (6), because physical therapy types, schedules, frequency,
and duration are highly variable and not standardized (5).
Furthermore, facial palsy can be caused by a variety of diseases
influencing the outcome and also the effect of physical therapy
(7, 8).

The primary aim of a neuromuscular facial biofeedback
training is that the patient learns how to change facial muscle
activity of the affected side for the purpose of improved
facial function (9). Facial biofeedback training mainly uses
surface electromyography (EMG) recording of facial muscle
activity and a feedback by visualization or acoustic signals
(10–14). Astonishingly, the daily training periods in the
literature take only 30–60min distributed to a few sessions
per week. Pathological recovery after deefferentation without
deafferentation in case of facial paralysis is a complex
disorder (15). From constraint-induced movement rehabilitation
programs for patients after stroke, it is well-known that a daily
forced use of an affected extremity for several hours per day over
2–3 weeks is needed to overcome corticomotor suppression and
mismatch (16–18).

Therefore, we established in 2012 an intensified combined
electromyography and visual feedback training program for
patients with post-paralytic facial synkinesis after various
etiologies of facial palsy (9). A pilot study with 20 patients
using instructed raters revealed significant improvements
of facial movements after the training (19). Here, we
wanted (1) to confirm these encouraging results based on
validated facial grading systems and additionally to test
the hypotheses that (2) facial grading does not improve
during the waiting time to facial training, and that (3) facial
grading shows stable therapy effects over 6 months after
facial training.

METHODS

Study Design and Inclusion Criteria
This retrospective observational and longitudinal study included
patients with post-paralytic facial synkinesis after various
etiologies of facial palsy who presented in the Facial Nerve Center,
Jena University Hospital, between January 2013 and June 2016.
All facial palsy related data and questionnaires were collected
in the Facial Nerve Center. The inclusion criteria were: (a) a

unilateral peripheral facial palsy; (b) an interval between onset
and assessment of at least 6 months; (c) facial electromyography
(EMG) confirmed voluntary activity in the affected facial muscles
including synkinetic activity (20).

Intensified Combined Electromyography
and Visual Biofeedback Training of Facial
Movements
The training was carried out over a period of 10 days (two times
for 5 days, the weekend in between without therapy). In the
mornings, under the guidance of a therapist, 3 h of intensive
facial training with (EMG) biofeedback combined with elements
of constraint induced movement therapy was performed (9, 17–
19). Biofeedback training was performed using the Nexus 10
biofeedback system, with Bio Trace software animations (Mind
Media BV, Netherlands). Briefly, the patient was trained to
control a defined and isolated facial muscle movement (for
instance, pursing the lips by activation of the orbicularis oris
muscle) without moving other facial muscles (for instance,
without synkinetic activity of the ipsilateral orbicularis oculi
muscle). To give another example, a specific activation of the
zygomatic muscles on one or on both sides was performed
while avoiding or at least minimizing synkinetic activation of the
ipsilateral orbicularis oculi muscle. Surface EMG was recorded
simultaneously and bilaterally from the target muscle for the
intended movement and the most important muscle of an
unintended movement (Figure 1). More details are given in
Supplementary Table 1. Together with a video-generated mirror
image, the patient could then simultaneously track the muscle
activity on a screen during her/his movement exercises. The
muscle activity was visualized with EMG feedback bars. The
feedback signal was always proportional to the muscle activity.
Due to the EMG feedback, the patient could track very fast
voluntary and involuntary facial muscle activities even in their
smallest forms. In this way, even unconscious movements were
shown to the patient. A conscious relaxation of the muscles
before and between every movement exercise was promoted
on that way. The therapist was sitting opposite to the patient.
So, the therapist could directly observe the patient and at the
same time sees on the computer screen the video picture of
the patient and the EMG feedback bars in the same way as the
patient itself sees it on her/his screen. Thereby, the therapist
could see the feedback, progress and deficits easily and could
fast adapt the movement exercises if needed. The aim was
that the patients developed new movement patterns in order
to reduce synkinesis, control muscles independently and in
this way balance their activity. Each afternoon, the patients
performed an independent training for 2 h using a hand mirror.
The patient documented the afternoon training on an exercise
sheet (Supplementary Material). This was based on tasks and
exercises first trained with the therapist. These exercises were
inspired by a facial training booklet visualizing a standard set of
facial exercises (21). The patients were encouraged to continue
the exercises they had learned at home for at least 30min daily
for the following 6 months. No facial-palsy specific training was
allowed during the waiting time before the training. Furthermore,
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FIGURE 1 | Combined visual and EMG biofeedback setting. The patient (1) is sitting in front of a screen (2) showing himself via a camera on top of the screen. The

therapist (3) is sitting in opposite to the patient allowing a direction view on patient’s face. Beyond the face of the patient, the screen of the therapist (4) is showing the

same information as the patient’s screen: Bars are showing the surface EMG activity of the recorded muscles, in this examples the EMG activity is recorded

symmetrically from both zygomatic muscles to control lifting the corner of the mouth on the affected side symmetrically to the contralateral side.

no facial surgery or botulinum toxin injections were allowed
between T0 and T3.

Measurement Times and Facial Grading
Patients’ charts were reviewed for demographic characteristics,
patients’ history, and prior treatment. All grading assessments
were performed at four points in time: T0 = screening day and
inclusion; T1 = start of facial feedback training; T2 = last day
of the training, and T3 = follow-up examination at a minimum
of 6 months later. Figure 2 shows the examination workflow.
Uniform series of photos were taken for all 54 patients for an
objective assessment of facial function (22). Briefly, a sequence
of static posed nine expressions was always photographed: (1) at
rest, (2) closing both eyes, (3) closing both eyes with maximal

effort, (4) frowning, (5) wrinkling the nose, (6) lifting both
corners of mouth with closed mouth, (7) showing the teeth, (8)
pursing the lips, and (9) pull down both corners of mouths.
Hence, nine images were taken as a set per patient per time of
assessment. Before evaluation, all photographs were blinded for
the measurement time. The rater (BR) was not involved in the
recruiting nor the training of any of the patients. He is a medical
doctor in the training to a maxilla-facial surgeon with several
years of experience in grading facial paly patients.

As shown in Supplementary Table 2, four different facial
grading systems were used to classify facial nerve motor
function based on the photographs described above. Grading was
performed by the House-Brackmann (HB) facial nerve grading
system, Stennert index (SI), Facial Nerve Grading System 2.0
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FIGURE 2 | Workflow of the examinations. T0 = day of the screening and inclusion into the training and the study. T1 = first day of the facial training. T2 = last day of

the facial training (10th day). T3 = follow-up examination. Median interval between T0 and T1 (waiting period) was 4.4 months. Median interval between T2 and T3

(home training period) was 6 months.
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(FNGS 2.0), and Sunnybrook Facial Grading System (SFGS).
The HB ranges from grade I (normal function) to grade VI
(complete paralysis) (23). In contrast, the SI is a double-weighted
system (24). The observer judges facial symmetry at rest in
four categories (0 =normal resting tone/symmetry up to 4 =

no resting tone/gross asymmetry) and the motility of the facial
muscles in six categories (0=normal motility up to 6= complete
paralysis). The total score of the Stennert index summarizes
both subscores. The FNGS 2.0 is a further development of the
House-Brackmann facial nerve grading system (25). The FNGS
2.0 determines the final grade by adding regional assessments
(score from 1 to 6) of the brow, eye, nasolabial fold, and oral
regions to the score assessing the impact of synkinesis (score
from 0 to 3). Summation of scores gives a final score of 4–24.
Finally, the SFGS is a regional weighted system that rates three
subscores (26): resting symmetry, the degree of voluntary facial
muscle movement, involuntary muscle contraction (synkinesis).
The three subscores are used to calculate a composite score (0 =
total paralysis; 100= normal function).

Statistical Analysis
The statistical analysis was performed with SPSS version 25.0
(IBM, Armonk, NY, USA). If not indicated otherwise, data are
presented with mean values and 95% confidence intervals (CI).
The comparisons between T0 and T1 (changes in the waiting
period without any facial palsy specific intervention), between
T1 and T2 (therapy effects), and T2 and T3 (changes during
follow-up with active daily self-training) were performedwith the
non-parametric Wilcoxon test for paired data. These three, i.e.,
multiple comparisons were corrected with the Holm-Bonferroni
method. Therefore, the corrected significance level was set at p <

0.0001. Cohen’s d for paired data was calculated to evaluate the
effect size between means of two measurement points. A large
effect size was defined as d ≥ 0.8. The Spearman test was used
bivariate correlation analyses between different facial grading
systems as well as to analyze the correlation of the changes of
facial grading between T1 and T2 vs. age, gender, or duration of
the palsy. The significance level was set at p < 0.0001.

RESULTS

Patients’ Characteristics
A total of 54 patients were included (77.8% female; median age:
49.5 years). More details are shown in Table 1. The median
interval between onset of the facial paralysis and training start
was 31.1 months. The median interval between screening (T0)
and start of the training (T1) was 4.4 months. Median interval
between end of the training (T2) and follow-up examination was
6.0 months.

Facial Nerve Grading in the Time Course
From T0 to T3
All four grading systems confirmed the notable chronic facial
movement disorder of the patients at baseline (Table 2) Grading
with the FNGS 2.0 and the SFGS confirmed the detection of
relevant synkinesis. No significant changes of the gradings and

TABLE 1 | Patients’ characteristics.

Parameter Absolute (N) Relative (%)

All 54 100

Gender

Female 42 77.8

Male 12 22.2

Localization

Left 30 55.6

Right 24 44.4

Etiology

Idiopathic 23 42.6

traumatic/post-surgical 18 33.3

Inflammatory 12 22.2

Stroke, brainstem 1 1.9

Mean ± SD Median, range

Age, years, 42.8 ± 1.5 49.5, 14–77

Interval onset of facial palsy to training, months 62.3 ± 66.9 31.1, 12–302

Interval T0–T1 (waiting period), months 4.8 ± 2.4 4.4, 0.7–10.5

Interval, T2–T3 (follow-up period), months 6.3 ± 1.3 6.0 ± 5.0–11.8

subscores were seen between T0 and T1. On average, the 10-
day combined and intensified feedback training between T1 and
T2 improved facial symmetry and decreased synkinetic activity.
This was statistically most significantly obvious when using the
FNGS 2.0 or the SFGS for facial grading (Figure 3). FNGS
2.0, regional score, FNGS 2.0, synkinesis score, and FNGS 2.0
total score improved significantly (all p ≤ 0.0001). The median
improvement between T1 and T2 using the SFGS was 7 points
(range: −4 to 21). Strong effect sizes could be calculated when
analyzing the changes measured by the SFGS (d = 1.36) and the
FNGS 2.0 (d = 1.15) (Table 2).

On the individual level, 46 patients (85.2%) showed an
improvement between T1 and T2 due to the SFGS results. Six
patients (11.1%) showed no change, and two patients (3.7%)
showed a deterioration. Both, the FNGS 2.0 and the SFGS showed
the strongest improvement in the nasolabial fold/zygomatic and
the oral region. No further change of facial grading was seen in
the follow-up between T2 and T3, neither a further improvement
nor a deterioration.

Correlation Analyses
A correlation analysis was performed for the changes between T1
and T2 for the total/composite scores in relation to the SFGS.
The FNGS 2.0 showed the highest correlation (r = 0.812, p ≤

0.001), followed by the House-Brackmann grading (r = 0.511; p
≤ 0.001). The correlation of the SFGS to the Stennert index was
the lowest (r = 0.318; p = 0.09). Neither the age of the patient
(r = 0.168; p = 0.224), the gender (r = 0.126; p = 0.363) nor the
length of the interval between onset of the palsy and training start
(r= 0.011; p= 0.886) correlated the changes of the SFGS between
T1 and T2.
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TABLE 2 | Comparison of facial grading at the initial screening (T1), start (T1), and end (T2) of therapy, and at follow-up (T3)*.

Parameter T0 T1 T2 T3 T0–T1 T1–T2 T2–T3

Mean CI Mean CI Mean CI Mean CI p; d p; d p; d

House-Brackmann 3.1 2.9–3.3 3.1 2.9–3.3 2.8 2.8–3.0 2.9 2.7–3.1 0.046; 0.29 ≤0.001; 0.68 0.156; 0.19

Stennert, rest 1.4 1.2–1.6 1.4 1.1–1.6 1.2 1.0–1.4 1.2 1.0–1.4 0.532; 0.09 0.021; 0.46 0.766; 0.04

Stennert, motion 2.6 2.2–2.9 2.6 2.2–2.9 2.4 2.1–2.9 2.4 2.1–2.4 0.766; 0.77 ≤0.001; 0.72 0.485; 0.10

Stennert, total 3.9 3.5–4.4 3.9 3.5–4.4 3.6 3.1–4.1 3.6 3.2–4.1 0.857; 0.04 0.007; 0.54 0.821; 0.03

FNGS 2.0, brow 4.4 3.9–4.9 4.4 4.0–4.9 4.3 3.8–4.7 4.4 3.9–4.8 0.010; 0.38 0.002; 0.64 0.058; 0.26

FNGS 2.0, eye 1.7 1.4–1.9 1.6 1.4–1.9 1.6 1.3–1.8 1.5 1.3–1.8 0.444; 0.11 0.160; 0.28 0.569; 0.08

FNGS 2.0, NLF 3.1 2.7–3.4 2.9 2.6–3.2 2.5 2.2–2.8 2.4 2.1–2.7 0.038; 0.30 ≤0.001; 0.84 0.419; 0.11

FNGS 2.0, oral 2.2 2.0–2.4 2.2 2.0–2.4 1.9 1.7–2.1 1.9 1.7–2.1 0.766; 0.04 ≤0.001; 0.70 0.709; 0.05

FNGS 2.0, regional 11.3 10.4–12.2 11.2 10.3–12.0 10.2 9.4–11.0 10.2 9.4–11.0 0.597; 0.08 ≤0.001; 1.13 0.830; 0.03

FNGS 2.0, synkinesis 1.5 1.4–1.7 1.5 1.3–1.7 1.2 1.1–1.3 1.3 1.1–1.4 0.659; 0.06 ≤0.001; 0.70 0.419; 0.11

FNGS 2.0, total 12.8 11.9–13.7 12.7 11.8–13.5 11.4 10.6–12.2 11.4 10.7–12.2 0.909; 0.02 ≤0.001; 1.15 0.569; 0.08

SFGS, resting symmetry 9.4 7.9–10.9 9.6 8.2–11.1 8.5 7.2–9.9 8.4 7.0–9.8 0.799; 0.04 0.003; 0.60 0.821; 0.03

SFGS, frontalis 2.3 1.9–2.6 2.2 1.9–2.5 2.4 2.0–2.7 2.3 2.0–2.6 0.010; 0.38 0,005; 0.57 0.322; 0.14

SFGS, orbicularis oculi 4.4 4.2–4.7 4.4 4.2–4.7 4.5 4.3–4.7 4.5 4.3–4.7 07.85; 0.03 0.261; 0.22 0.569; 0.08

SFGS, zygomaticus, risorius 3.1 2.8–3.4 3.2 3.0–3.5 3.6 3.3–3.9 3.7 3.4–4.0 0.006; 0.40 ≤0.001; 0.81 0.013; 0.35

SFGS, levator labii superior 3.1 2.8–3.4 3.2 3.0–3.5 3.6 3.3–3.9 3.6 3.3–3.9 0.051; 0.28 ≤0.001; 0.91 1.000; 0.00

SFGS, orbicularis oris 3.9 3.7–4.1 3.9 3.7–4.1 4.4 4.0–4.4 4.2 4.1–4.4 0.532; 0.09 ≤0.001; 0.72 0.419; 0.11

SFGS, movement symmetry 67.0 63.1–70.9 68.0 64.4–71.6 73.0 69.3–76.6 73.5 69.8–77.1 0.243; 0.16 ≤0.001; 1.15 0.212; 0.17

SFGS, synkinesis frontalis 0.9 0.7–1.1 0.9 0.7–1.1 0.7 0.6–0.9 0.7 0.6–0.9 0.766; 0.04 0.021; 0.46 0.742; 0.05

SFGS, synkinesis orbicularis oculi 0.6 0.4–0.7 0.6 0.5–0.7 0.4 0.3–0.6 0.5 0.4–0.7 0.742; 0.05 0.003; 0.60 0.013; 0.35

SFGS, synkinesis zygomaticus, risorius 1.3 1.2–1.5 1.3 1.1–1.5 1.1 1.0–1.3 1.1 0.9–1.3 0.420; 0.12 0.021; 0.46 0.410; 0.11

SFGS, synkinesis levator labii superior 1.3 1.1–1.5 1.3 1.1–1.5 1.0 0.9–1.3 1.0 0.8–1.2 0.322; 0.14 ≤0.001; 0.68 0.532; 0.09

SFGS, synkinesis orbicularis oris 1.0 0.7–1.2 0.9 0.7–1.2 0.5 0.3–0.7 0.5 0.4–0.7 0.532; 0.09 ≤0.001; 0.89 0.485; 0.10

SFGS, synkinesis 5.1 4.4–5.8 5.0 4.4–5.6 3.8 3.3–4.4 3.9 3.3–4.4 0.424; 0.11 ≤0.001; 1.04 0.808; 0.03

SFGS, composite 52.5 48.1–56.9 53.4 49.2–56.6 60.6 56.5–64.7 61.2 57.0–65.4 0.520; 0.13 ≤0.001; 1.36 0.322; 0.13

*Significant/strong effects in bold; FNGS 2.0, Facial Nerve Grading System 2.0; NLF, nasolabial fold; SFGS, Sunnybrook Facial Grading System.

DISCUSSION

Synkinesis typically becomes clearly apparent about 6 months
after pathological reinnervation and the full picture is reached
after about 12 months (1, 27). Although the median time to
onset in the present sample was already 31.1 months, 85%
of the patients profited from the training. Furthermore, the
waiting time analysis clearly showed that synkinesis remained
unchanged before training. The follow-up showed that the effects
of the training remained stable for at least 6 months. Of course,
a randomized trial is needed to confirm the effectiveness of
this short but very intensive training. The presented combined
EMG and visual biofeedback training differs significantly in
the number of hours per day from other biofeedback-based
therapy concepts for patients. Other concepts are typically less
intense but are performed over several weeks and months (14,
28–30). The structure of the presented intensified combined
electromyography and visual feedback training was based on the
established training concept of a constraint-induced movement
rehabilitation program for patients after stroke. In accordance
to the present results, it has already been shown that compact
intensive training over a period of 2 weeks results in an
improvement in function in stroke patients with paretic body

parts mismatch (16–18). So far, no comparative studies on
optimal training frequency and duration of an EMG-feedback
approach for patients with synkinesis have been performed (5).
This should be the subject of future research.

There are only a few other studies which included an EMG
biofeedback element and investigated patients with synkinesis.
The treatment time was always much longer than in the present
study. The effectiveness of a complex EMG biofeedback and
mirror feedback training in comparison to mirror feedback
training alone was examined by Ross et al. (11). Training took
place every 1–2 weeks for a total of 1 year. Both groups showed
statistically significant improvements in facial motility compared
to a control group but outcome in-between both therapy groups
was not different. Cronin et al. examined an EMG biofeedback
training that took place every 1–2weeks for several months. Their
therapy was associated with significant functional improvements
of the face, including an increase in symmetry and motility, as
well as a reduction in synkinesis (13). Both studies did not include
follow-up examination after end of therapy. Long-term effects
were only studied after mime therapy. Mime therapy includes
massages, relaxation exercises, inhibition of synkinesis, and
emotional expression exercises but not EMG-feedback elements
(31). The mime therapy effects remained stable even 1 year after
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FIGURE 3 | Changes of the facial grading from T0 to T3 using the Sunnybrook grading scale and its subscores. (A) Symmetry of the face at rest. (B) Symmetry of

voluntary movements. (C) Synkinesis. (D) Composite score. Significant changes (*p ≤ 0.001) are only seen between T1 and T2 as a training effect, except for

symmetry at rest.

therapy. According to Fitts and Posner (32), the learning ofmotor
skills is divided into three stages. At the cognitive level, the
trainee, here the patients with synkinesis, must first understand
the type of task and learn to perform it (e.g., in the present
training: lifting of the affected corner of the mouth). Therefore,
the visual feedback and the control by the therapist is important.
In the subsequent association stage, this ability must be refined
by repeating it and combining it with other abilities (e.g., smiling,
i.e., lifting of the affected corner of the mouth together with the
contralateral corner). Here, especially the EMG feedback is very
important. The level of autonomy is reached when the patient
is finally able to integrate the learned ability freely into complex
actions (e.g., speaking and smiling with integrated abduction
of the corner of the mouth) in activities of daily live. Finally,
the intensity of the training with repetitions over hours is very
important. The ability or the training effect remains stable if
this form of autonomous use is continued permanently (33, 34).
Patients with facial palsy are typically extremely motivated to
improve their restricted facial motor skills and to integrate what
they have learned into their everyday lives (31).

Beyond physical therapy, botulinum toxin is a mainstay of
synkinesis therapy (5, 35). Botulinum toxin treatment can also
be combined with biofeedback rehabilitation (36). It might be an
option to combine our treatment approach with botulinum toxin

injection to facilitate specific movement tasks, but this has not yet
been evaluated.

Furthermore, we need to introduce objective measurement
tools to evaluate the outcome. The SFGS is a very robust but
subjective facial grading tool (37). Like in many other studies, the
scales were evaluated in the present study only by one examiner.
First automated tools feasible for the use in clinical routine are
published (22, 38). Such tools should be applied for SFGS or
any other grading in future studies. As the present therapy is
dependent on the surveillance of a trained therapy, it will also be
of interest to develop a remote rehabilitation concept. Therefore,
we will need remote EMG devices and especially a simplification
of the camera technology using conventional smart phones or, for
instance, special remote activity eye wear (39, 40).

CONCLUSION

This longitudinal study on 54 patients with post-paralytic facial
synkinesis over four points in time showed that facial nerve
function did not change during the waiting time before start of
the training. An intensified daily training over 10 days using a
combined EMG and visual biofeedback setting improved facial
grading especially by reducing synkinesis. Finally, the effects
remained stable over 6 months. Future studies should validate

Frontiers in Rehabilitation Sciences | www.frontiersin.org 7 October 2021 | Volume 2 | Article 74618813

https://www.frontiersin.org/journals/rehabilitation-sciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/rehabilitation-sciences#articles


Volk et al. Feedback Training for Facial Synkinesis

the results in an external cohort of patients and compare the
presented treatment to other approaches at best in randomized
controlled trial. Furthermore, it has to show that the treatment
is also effective from the patients’ perspective, i.e., by the use of
patient-related outcome measures using facial paralysis related
quality of life assessment tools.
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Background and Purpose: Cognition has been linked to rehabilitation outcomes

in stroke populations, but this remains unexplored in individuals with Parkinson’s

disease (PD). The purpose of this secondary data analysis from a recent clinical trial

(NCT02600858) was to determine if global cognition was related to skill performance

after motor training in individuals with PD.

Methods: Twenty-three participants with idiopathic PD completed 3 days of training

on an upper-extremity task. For the purposes of the original clinical trial, participants

trained either “on” or “off” their dopamine replacement medication. Baseline, training,

and 48-h retention data have been previously published. Global cognition was evaluated

using the Montreal Cognitive Assessment (MoCA). Linear regression examined whether

MoCA score predicted longer-term retention at nine-day follow-up; baseline motor task

performance, age, PD severity, depressive symptoms, and group (medication “on”/“off”)

were included as covariates. Baseline and follow-up motor task performance were

assessed for all participants while “on” their medication.

Results: MoCA score was positively related to follow-up motor task performance,

such that individuals with better cognition were faster than those with poorer cognition.

Baseline task performance, age, PD severity, depressive symptoms, and medication

status were unrelated to follow-up performance.

Discussion and Conclusions: Results of this secondary analysis align with previous

work that suggest cognitive impairment may interfere with motor learning in PD and

support the premise that cognitive training prior to or concurrent with motor training

may enhance rehabilitative outcomes for individuals with PD. Findings also suggest that

assessing cognition in individuals with PD could provide prognostic information about

their responsiveness to motor rehabilitation.

Keywords: motor learning, global cognition, upper-extremity, task-specific training, Parkinson’s disease
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INTRODUCTION

Despite clear evidence of deficits in upper extremity motor
control and dexterity in Parkinson’s disease (PD) (1, 2) that
meaningfully impact on one’s activities of daily living (3), most
rehabilitation research and clinical practice for PD focuses on
gait and balance problems. When prescribed, however, motor
rehabilitation can improve upper extremity movement patterns
and physical function (4, 5), depending on one’s ability to learn
and retain novel motor skills. While individuals with PD may
benefit from physical rehabilitation, they demonstrate slower
learning rates (6) and learn to a lesser extent (7) than individuals
without PD, yet longer-term skill retention remains unclear
(8). In light of this, some people with PD show marked gains
following therapeutic intervention, while others do not [e.g. (4),
see also (9)]. The ability to predict therapeutic responsiveness
could help therapists streamline and personalize treatments.
However, most predictive tools or models of post-intervention
motor outcomes are time- and cost-intensive [e.g., annual clinical
measures (10), neuroimaging (11), etc.].

In contrast, cognitive assessment may be a feasible, brief, and
relatively inexpensive tool for gaining insight to an individual’s
motor learning capacity [see (12)]. Global cognitive status has
been shown to predict gains in gait speed following standard-
of-care physical therapy independent of primary diagnosis
(13, 14). With respect to PD specifically, physical therapy
combined with cognitive training may be more efficacious
in improving reactive postural adjustments (i.e., responses to
perturbations) and motor symptoms than physical therapy alone
(15). Furthermore, lower-extremity physical therapy (i.e., aerobic
exercises, treadmill training) has been shown to improve global
cognition as well in people with PD (16), although combined
physical and cognitive therapy may be more beneficial (17).
However, the relationship between global cognitive measures and
upper-extremity improvements in PD has not been explored.
Empirically, visuospatial function has been linked with upper
limb motor learning in both younger (18–21) and older adults
(22–26) without PD, and since visuospatial deficits can occur with
PD (27–29), this may help explain why people with PD tend to
learn motor skills slower and to a lesser extent than those without

PD. However, the extent to which cognitive impairment (global
or specific) interferes with upper extremity motor learning in
individuals with PD remains unknown.

In a recent randomized clinical trial in individuals with

mild-to-moderate PD (clinicaltrial.gov registration number
NCT02600858) (30), motor practice while “on” dopamine
replacement medication (i.e., levodopa) improved 48-h retention
of a functional upper extremity motor task compared to
practice “off” dopamine replacement medication. The purpose
of the present study was to perform secondary analyses of
these data to evaluate whether cognition was related to skill
learning in the upper extremity. Based on previous findings,
it was hypothesized that cognitive functioning would be
related to longer-term retention of an upper extremity motor
task, where better cognition would be associated with more
skill retention.

METHODS

Participants
Twenty-three adults aged ≥50 years old with a confirmed
diagnosis of PD were included in this secondary analysis
of data from a previously published randomized clinical
trial (clinicaltrials.gov registration number NCT02600858) (30).
Inclusion criteria included idiopathic PD diagnosed by a
neurologist, age 50–80 years, in Hoehn and Yahr stages 1–3,
and had been on a stable antiparkinsonian medication regime
for 1 month prior to pretest assessment as well as throughout
the study. Exclusion criteria included prior surgical treatment of
PD (e.g., deep brain stimulation), dementia [Montreal Cognitive
Assessment (31) (MoCA) < 18] (32), and the presence of
concomitant neurological conditions. Included participants must
have been taking dopamine replacement medications. The
clinical trial protocol required half the participants (n = 12)
to complete upper extremity motor training while continuing
to take their prescribed dose of levodopa medication; the other
half (n = 11) skipped their first dose of medication each
day of motor training such that they were “off” medication
following overnight withdrawal. These participants took their
remaining daily doses after they completed the motor training
each morning. Details regarding dopamine medication and other
participant characteristics have been previously reported (30).

Global cognition was measured using the MoCA, a brief
cognitive screening tool in which scores range from zero to 30;
a score of 26 (or higher) is considered to be normal cognitive
functioning, as defined by the publisher (31). To evaluate upper
extremity dexterity, participants completed the Nine-hole peg
test (33) (a timed clinical measure of dexterity) and another
timed experimental upper extremity dexterity task that simulates
buttoning a shirt unimanually (24, 34, 35); for both these tasks
faster trial times indicate better performance. Participants were
also tested by a trained examiner with the motor subsection
of the Movement Disorder Society-Unified Parkinson’s Disease
Rating Scale (MDS-UPDRS) (total range of scores = 0–152)
(36). To evaluate depressive symptoms, participants completed
the Geriatric Depression Scale (GDS) Short Form (37), a self-
report rating tool consisting of 15 items and a score of four
or lower is considered normal. Participants self-reported hand
dominance. All participant characteristic data, including MoCA
score, were collected in an initial visit while the participants were
“on” their prescribed dose of dopamine replacement medication,
regardless of which group they were randomized to (“on” vs.
“off” medication).

Upper-Extremity Motor Training
As described previously (30), the motor training protocol
required participants to complete a familiarization trial, then 50
training trials each day for three consecutive days. More details
regarding the motor task are provided below. Participants were
then re-tested 2 and 9 days later. Two-day follow-up was the
stated primary outcome of this clinical trial and was therefore
reported previously; thus, only the longer-term nine-day follow-
up was included in this analysis.
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FIGURE 1 | Participants used their non-dominant hand to complete a reaching task that simulates feeding oneself; participants use a spoon to select only two beans

from the center “home” cup and deposit them into target cups. One trial consisted of 15 repetitions (i.e., five arcs to each of the three target cups). This figure was

adapted from “Dexterity and Reaching Motor Tasks” by MRL Laboratory is licensed under CC BY 2.0.

The motor task used in this study was designed to mimic
an activity of daily living [i.e., feeding (38)]. This task has
been validated against subjective and objective measures of
daily functioning in a cognitively impaired sample (39). The
experimental apparatus was comprised of three “target” cups
placed 16 cm from a center “home” cup at 45, 90, and 135
degrees (Figure 1). Participants were asked to use a plastic
spoon held in their non-dominant hand to collect two raw
kidney beans from the home cup and transport them to one
of the three target cups. The non-dominant hand was used
to ensure the task was not overlearned and to avoid potential
confounds of a ceiling effect (40). Participants were instructed
to move first to the target cup ipsilateral to the non-dominant
hand, then to the middle cup, then to the contralateral cup,
repeating this pattern four more times. Thus, each trial consisted
of 15 reaches. The primary measure of performance was trial
time, which began when the participant picked up the spoon
and ended when they completed all reaching movements and
placed the spoon back onto the table; thus, lower trial times
indicated better performance. Dropping beans, transporting an
incorrect amount, or moving to the wrong target were counted
as errors, and the participant could not continue until the
error was corrected, therefore errors contributed to longer
trial times. Participants were not provided with performance
feedback but could explore different movement strategies to
optimize performance [i.e., discovery learning (41)]. As noted
previously, each training session consisted of 50 trials (i.e.,
750 reaches per session), and participants completed three
training sessions over 3 days (1/day), totaling 2,250 reaches.
This dose of training was selected based on previous feasibility
and efficacy studies in other clinical and healthy populations
(42, 43).

Statistical Analysis
JMP Pro 14.0 (SAS Institute Inc., Cary NC) was used for all
statistical analyses. To examine whether global cognition was
related to the amount of learned motor skill, MoCA scores were
included in a multiple linear regression model as a predictor of
nine-day follow-up performance (α = 0.05), along with baseline
motor performance, age, MDS-UPDRS Motor subsection score,
and GDS as covariates. The MDS-UPDRS Motor subsection

score and GDS were included to control for severity of PD motor
signs and depressive symptoms, respectively. All continuous
variables (age, MoCA, baseline motor performance, and 9-day
follow-up) were normally distributed, as determined by Shapiro-
Wilk tests. Furthermore, a partial correlation matrix indicated
minimal collinearity between predictors, with only a moderate
correlation between age and MoCA (r = −0.21). In addition,
quantile range analysis indicated no outliers for any of the
continuous variables. Thus, assumptions for linear regression
were tested and met.

Baseline motor performance was measured as the first trial
of the first motor training session. Similarly, follow-up was
measured as a single trial performed 9 days after the last training
session. Although we did not have a specific hypothesis regarding
the effect of dopamine replacement medication on learning, we
also included the variable of group (“on” vs. “off” medication)
as a covariate to control for any confounds of dopamine
replacement medication status on the primary outcome.We note
that baseline motor performance was not different between the
medication groups (p = 0.28), consistent with results from the
primary analysis of this clinical trial (30). We also note that based
on results from the primary analysis of this clinical trial [see
Table 2 in original publication (30)], we were sufficiently powered
to detect significant differences between the two timepoints
(Cohen’s d = 0.58; effect-size r = 0.27).

RESULTS

Individual characteristics are provided in Table 1. Participants
demonstrated mild PD symptoms and disease severity (median
Hoehn and Yahr stage = 2, not shown in table). Using their
non-dominant hand, participants completed the Nine-hole peg
test and experimental dexterity task in 25.38 ± 4.31 and 102.81
± 54.37 s (mean ± SD), respectively. Results for the Nine-
hole peg test were consistent with previously reported values
in PD (33). In addition, participants were bradykinetic, taking
twice as long to complete the dexterity task as healthy older
adults from previously reported data (35). MoCA scores ranged
between 23 and 30, indicating that some participants were
within the normal range of cognition while others fell below
[based on (31)].
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TABLE 1 | Individual participant characteristics (n = 23).

Age (years) Education (years) GDSa MDS-UPDRS-3b Gender 9HPT (s)c UE dexterity (s)d MoCAe

66.5 18 10 36 M 30.38 193.66 24

71.2 18 0 34 F 22.5 109.36 30

75.8 12 1 25 F 20.75 42.83 25

68.8 14 3 33 M 22.37 103.11 28

66.5 16 1 32 F 22.85 47.02 27

67.7 17 1 40 M 23.03 70.42 30

50.5 16 1 21 F 19.31 45.86 30

74.4 16 1 39 F 24.19 69.24 25

79.2 18 1 28 M 26.91 103.99 26

71.7 16 0 34 M 28.88 80.89 27

70 18 1 35 M 24.85 107.29 24

62.4 12 1 32 M 25.66 93.27 26

79.6 16 0 22 M 27.31 121.90 25

78.7 16 9 24 F 23.35 63.21 28

77.9 16 0 27 F 25.93 117.21 27

70 16 0 39 F 24.59 100.00 27

80.3 20 10 20 M 27.88 92.90 27

76.2 12 1 37 F 22.52 100.33 24

66.2 20 9 13 F 19.44 61.37 27

73.9 20 0 24 M 28.53 96.05 29

70.8 14 2 27 F 24.44 153.98 28

63.4 20 5 25 F 27.63 94.89 23

72.9 14 3 55 M 39.69 296.02 25

aGDS, Geriatric Depression Scale.
bMDS-UPDRS-3, Movement Disorder Society—Unified Parkinson’s Disease Rating Scale Motor Portion (assessed “on” medication).
c9 HPT, Nine Hole Peg Test, tested on the non-dominant hand (prior to motor training); higher scores indicate worse performance, measured in seconds.
dUE Dexterity Task, Upper Extremity Dexterity task (non-dominant hand); higher scores indicate worse performance, measured in s.
eMoCA, Montreal Cognitive Assessment; lower scores indicate worse performance.

Overall, nine-day follow-up performance on the motor task
was significantly faster (better) than that of baseline [one-
sample t(43) = −3.13; p = 0.0016], as shown in Figure 2A.
This indicates an overall effect of motor learning in this
sample. Linear regression model results indicated that only
MoCA score predicted 9-day follow-up performance (β =

−2.76; 95% CI [−5.11, −0.39], p = 0.0248), such that higher
MoCA scores were associated with faster (better) trial times
9 days post-training. This is further illustrated in Figure 2B,
which shows baseline and follow-up data for each participant.
Line colors indicate each participant’s MoCA score (warmer
colors = lower MoCA scores), such that warmer colors tended
to cluster at slower trial times for 9-day follow-up, while
cooler colors tended to cluster at faster trial times. Participant
age (β = −0.18; 95% CI [−0.89, 0.52], p = 0.59), severity
of PD motor signs (β = 0.26; 95% CI [−0.34, 0.86], p =

0.37), GDS (β = 0.71; 95% CI [−0.73, 2.15], p = 0.31) and
medication status group (β = 2.83; 95% CI [−2.02, 7.68],
p = 0.23) were not significantly related to follow-up motor
performance. Since only MoCA score was a significant predictor
of follow-up performance, results from a bivariate regression
are provided in Figure 3 to further illustrate the negative
relationship between the two variables (color gradient consistent
with that of Figure 2B).

FIGURE 2 | (A) Mean motor task performance at baseline and 9-day

follow-up. On average, trial time (in seconds) was significantly faster at

nine-day follow-up compared to baseline. *Indicates p = 0.0016. (B) Motor

performance for each participant at baseline and 9-day follow-up. Line color

indicates each participant’s MoCA score, with warmer colors indicating lower

MoCA scores and cooler colors indicating higher MoCA scores (range 23–30).

DISCUSSION

The purpose of this secondary analysis was to determine whether
cognition was related to upper extremity motor skill learning
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FIGURE 3 | Scatterplot of motor performance at 9-day follow-up as a function

of MoCA score. Bivariate linear correlation results are shown in figure. Color

gradient corresponds to that in Figure 2.

in individuals with PD. Results indicated that MoCA score
predicted follow-up performance of a functional upper extremity
motor task 9 days after the last practice session, more so
than baseline performance and age (regardless of “on”/“off”
medication groups). These findings align with previous work that
suggest cognitive testing can be used to predict rehabilitative
outcomes (44, 45) and support that global cognition may be a
useful tool to predict motor learning in clinical populations (46–
48). Although the MoCA was used to evaluate global cognition
in this study, there is existing evidence that supports the value
of assessing specific cognitive domains as predictors of motor
learning (24, 44, 49).

Given the high prevalence of cognitive impairment among
people with PD (50, 51), global and specific cognitive measures
should be considered to identify which and to what extent
various cognitive impairments interfere with learning different
skills. In terms of global cognitive measures, the MoCA may be
particularly sensitive to screening cognitive deficits associated
with PD compared to other global cognitive measures of
cognition (i.e., the Mini Mental State Examination) (32). We
acknowledge, however, that the MoCA is a rapid cognitive
screen that does not thoroughly assess the function of each
cognitive domain nor is it validated to measure the function
of individual cognitive domains, which may be a limitation to
this study. Thus, a more comprehensive battery of cognitive
assessments would determine whether specific cognitive domains
(or specific cognitive deficits) more closely predict motor skill
retention in this population. For example, visuospatial deficits
may interfere with upper-extremity learning (23–25, 52, 53),
while fluid cognitive skills or executive function may interfere
with lower-extremity learning (54). While these previous studies
have not focused on motor learning in PD specifically, the
effects of particular cognitive deficits may not be PD-specific
but instead generalize to a number of older patient populations
who may be receiving motor rehabilitation for a number of
reasons (e.g., stroke, joint replacement). As such, the effect of

cognitive impairment on motor rehabilitation is gaining interest,
within and beyond PD (12, 55). Future studies in motor learning
should consider a more comprehensive battery of cognitive tests,
especially those that evaluate visuospatial and executive abilities,
in order to identify evidence-based targets for adjuvant cognitive
or non-invasive brain stimulation therapies [e.g. (15, 17, 56–
58)] that can be administered prior to or during upper- and
lower-extremity motor therapy for people with PD.

In addition to providing empirical evidence as the
groundwork for developing effective adjuvant therapies for
motor rehabilitation in PD, this study offers clinicians a low-cost,
easy-to-implement way to predict how responsive a person
with PD might be to motor therapy. It is well-established that
responsiveness to motor rehabilitation is often highly variable
between PD patients [see 95% CIs in Robinson et al. (9)]. As
such, the findings from the current study suggest that the MoCA
may be a quick (∼5–10min) and simple way to predict how
responsive a patient might be to upper-extremity training.
This would inform therapists in how to streamline and tailor
their treatments, and better allocate their time to activities
that they know their patients will benefit from. Predictors of
therapeutic responsiveness are already being explored outside
PD using neuroimaging (59–61), neurophysiology (61–63), or
genotyping (64–66), but these investigational methods are time-
and cost-intensive, making them unfeasible for an allied health
setting and out-of-pocket therapy.

In the published clinical trial (30), there was a modest
effect of medication status during training (i.e., “on”/“off”
medication while practicing the task) between baseline and 48-
h follow-up task performance, such that the “on” medication
group performed significantly better at this short-term retention
period than did the “off” medication group. These results were
interpreted to indicate that being “on” dopamine replacement
medications may facilitate short term retention of motor skill.
However, this secondary analysis indicates that the group
difference was no longer present by the ninth day of retention,
likely due to the modest effect of medication status on training
previously observed. Instead, global cognition (which was not
originally considered in the parent clinical trial) was a significant
predictor of motor task performance well after training had
been completed (9 days later), regardless of whether training
had occurred “on” or “off” dopamine replacement medication.
Indeed, dopamine replacement may be insufficient to offset the
breadth of cognitive deficits associated with PD (67), and the
short duration in which participants in the “off” group were
withdrawn from their medication for training (relative to the 9-
day duration of retention) may explain the lack of effect of group
in this secondary analysis.

There are several limitations to this study. First, there
was a limited range of MoCA scores in this sample, and
more participants were in the normal range than below. Even
though the MoCA is not a diagnostic tool (and is instead
a cognitive screening tool), scores suggest that the majority
of participants were cognitively intact, and more extensive
neuropsychological testing would be necessary to determine
whether participants with scores below the “normal” cut-off
were in fact cognitively-impaired. This does not, however,
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take away from the findings and implications of this study,
whereby rehabilitation-focused clinicians could still use the
MoCA as a quick screening tool to better predict how patients
might respond to upper-extremity skill training. Future studies
will investigate a larger cohort of more cognitively-impaired
individuals [such as people with PD who experience “freezing”
(68–71)] to further test the generalizability of these findings.
Second, a limitation of this study is that the participants in
the “off” medication group resumed their regularly prescribed
dopamine replacement therapy after training each day and
throughout the 9-day retention period; thus, we are unable to
discern potential effects of medication adherence or withdrawal
on motor skill consolidation and retention. It is well-established
that consolidation and retention are critical periods for motor
learning, as well as acquisition (72). Third, we acknowledge
that this study was not designed to directly test if global
cognition would be predictive of clinical rehabilitation motor
outcomes in individuals with PD, since it only evaluated the
amount of skill retained over a period of 9 days. Performance
of the functional upper extremity task used in this study has,
however, been associated with subjective and objective measures
of daily functioning in individuals diagnosed withMild Cognitive
Impairment (39), suggesting that the benefits of training may
generalize to activities of daily living.

CONCLUSIONS

Our study supports the premise that cognitive impairments
interfere with motor skill learning in PD, and provides the
proof-of-principle that (1) cognitive screening may be a viable
solution for personalizing motor rehabilitation for people with
PD and (2) cognitive therapy and/or brain stimulation prior to,
or concurrent with, motor training could enhance functional
outcomes. Future mechanistic work should systematically test
which specific cognitive domains are most relevant for different

types of motor learning in PD to help inform targeted adjuvant
cognitive or neurostimulation therapies that can enhance
motor rehabilitation. For example, fluid cognition training may
enhance gait adaptation, or non-invasive stimulation of parietal
cortex could enhance functional upper-extremity training via
visuospatial processes.
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Introduction: Patients with Parkinson’s disease (PD) often exhibit difficulties with

dexterity during the performance of activities of daily living (ADL) due to dysfunctional

supplementary motor area (SMA). The aim of this clinical trial protocol work is to describe

how the effectiveness of a combined repetitive transcranial magnetic stimulation (rTMS)

over SMA and video-game-based skill training (VBT) in PD will be evaluated. The short

and long-term benefits are assessed.

Methods and analysis: A single-blind (patients) stratified (based on Hoehn & Yahr)

parallel randomized sham-controlled rTMS-VBT study with a baseline and two follow-up

measurements (3 and 12 weeks) is being conducted. These measurements include

the dexterity questionnaire 24 (DextQ-24) as a primary outcome, and nine hole peg

test and coin rotation task as main secondary dexterity outcomes. Further secondary

outcomes will be the subscale II of the movement disorders society unified PD rating

scale (MDS-UPDRS) to assess improvements on overall ADL and the Parkinson’s

Disease Questionnaire-39 to assess quality of life. Thirty-six outpatients (from one

neurorehabilitation center) with PD (diagnosis based on brain bank criteria) will be

recruited who report difficulties with dexterity in performing ADL. All PD patients will

receive a 45-min VBT three times a week for 3 weeks. The PD patients randomized

in the experimental group will receive VBT preceded by real rTMS, being intermittent

theta burst (iTBS) stimulation sessions. The PD patients randomized to the control group

receive a VBT with sham rTMS.

Discussion: The study will provide evidence to determine whether a combined iTBS and

VBT skill intervention is more effective than a VBT intervention alone to improve dexterity

in PD.
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Ethics and dissemination: The study was approved by the Ethics Committee

for Northwest and Central Switzerland (EKNZ), Switzerland 2019–00433. The study

will be conducted in accordance with the Helsinki Declaration and the Guidelines of

Good Clinical Practice. Informed consent will be signed prior to subject enrolment.

Dissemination will include submission to international peer-reviewed professional journals

and presentation at international congresses.

The study protocol has been registered in the clinicaltrials.gov registry with the

identification code: NCT04699149.

Keywords: Parkinson’s disease, transcranial magnetic stimulation, dexterity, video game-based training, RCT -

randomized controlled trial

INTRODUCTION

Patients with Parkinson’s disease (PD) often face dexterity-
related difficulties, both in performing basic (grooming,
buttoning a shirt) and instrumental activities of daily living
(ADL), such as cooking a meal, organizing pills in pill holders,
and writing (1–4). These difficulties may be present even in
early stages of the disease. They further increase the burden
of disease and reduce quality of life (QoL) (2). Dopaminergic
therapy only slightly improves impaired dexterity (5). Therefore,
complementary treatments are needed to reduce its impact
on ADL. Previous studies have shown short-term effects
(immediately after training) of a particular hand training, either
supervised (6) or unsupervised (7). However, no sustainable
long-term effects were shown so far. A reason may be that
important aspects for an optimized motor learning (8) were
not sufficiently targeted, such as the variability of the load, the
feedback of the performance over a longer period of time or the
level of difficulty.

Video-game-based training (VBT) has been rapidly
developing in PD neurorehabilitation (9). VBT is attractive
and challenging, and therefore potentially suitable to motivate
PD patients over time (10). Other benefits of VBT include the
ability to adjust the difficulty of the exercise and to provide
online visual and/or verbal feedback during the training. In
terms of dexterity, several studies have now shown that VBT
was feasible and improved dexterity in PD patients in the short
term (immediately after the intervention) (11–14). However,
long-term effects of VBT have not yet been assessed.

To further improve training effects in PD, a combination
of behavioral interventions with neuromodulation techniques
such as non-invasive repetitive transcranial magnetic stimulation
(rTMS) has been proposed (15–18). The rationale behind a
combined rTMS and behavioral training is that by applying
rTMS before training, the brain may reach an optimal state
of learning thereby facilitating subsequent training effects (19).
The principle of activity dependent neuroplasticity (20) also
suggests that combinations of behavioral training with rTMS
might have promise in facilitating long term effects (21). We
use herein an intermittent theta-burst protocol (iTBS), a type
of rTMS, which is expected to produce behavioral effects not
only outlasting the single administration (short term), but also
retained after multiple applications (long term) (22–24). iTBS

has been shown to be facilitatory in nature by increasing cortical
excitability (25–27). When applied over primary motor cortex
iTBS may enhance either sensorimotor integration (28) or mood
(29) in PD patients. Similarly, if supplementary motor area
(SMA) was the target region, beneficial effects on overall motor
symptoms were shown by using rTMS (24, 30). The SMA also
plays a key role in the generation of self-initiated,multisegmental,
complex, voluntary finger movements (31, 32). In PD however,
SMA activity can be reduced due to decreased positive efferent
feedback arising from the basal ganglia–thalamocortical motor
loop (33). Consequently, PD patients may show altered activation
patterns in the SMA and less cortico–cortical excitability. Indeed,
it was shown that a diminished resting state perfusion in the
left SMA in PD explained poor dexterous performance, which
was measured by a coin rotation (CR) task (34). These findings
further attributed to the role of the SMA controlling for fine
finger movements. Interestingly, one previous pilot rTMS study
in PD already demonstrated a short-term improvement on
handwriting, which requires good dexterous function, when
patients received one session of facilitatory rTMS over the left
SMA (35).

The aim of the present clinical trial protocol paper is to
describe how the effectiveness of a combined iTBS-VBT skill 3-
week intervention in PD will be evaluated. The short and long-
term benefits of this training program will be evaluated. We
predict that the use of iTBS before VBT can further strengthen
the training effects and possibly also achieve sustainable
long-term effects. Therefore, we expect significantly improved
dexterity in both the short and long-term, which leads to
improved ADL and QoL in patients with PD.

METHODS AND ANALYSIS

Trial Design
A single-blind (patients) parallel RCT with a stratified random
intervention distribution is carried out. The random sequence
generation using a computer software program is stratified,
according to the Hoehn & Yahr (H&Y) scale, Level 1 = H&Y
I to Level 4 = H&Y 4, (36) at T0. After stratification, a simple
randomization (1–1) occurs within each stratum level (Level
1 to 4). Randomization and treatment allocation is concealed
within SecuTrial, which is a GCP-compliant electronic data base
system (https://www.secutrial.com/en/), managed externally by
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FIGURE 1 | Design of study: T0 baseline assessment, T1 end of training, T2 follow-up after 3 months. ADL, activities of daily living; QoL, quality of life.

the Clinical Trial Unit (CTU) Schweizer Paraplegiker Zentrum
(SPZ) Nottwil. After the baseline assessment (hereinafter referred
to as T0), all PD patients receive 45-min manual dexterity
intervention three times a week for a period of 3 weeks. The PD
patients randomized in the experimental group will receive VBT
each time, preceded by true iTBS stimulation. The PD patients
randomized to the control group receive a VBT with a preceding
sham TMS each time (see Figure 1). Patients will be blinded to
the rTMS protocol (sham vs. real). This means that patients will
not be informed throughout the whole trial whether they received
real or sham rTMS stimulation. Follow-up measurements (T1
and T2) are carried out after a period of 3 weeks and 3
months. All data is collected within SecuTrial. The study will be
performed according to the CONSORT (Consolidated Standards
of Reporting Trials) statement, http://www.consort-statement.
org/.

Participants
The patients are recruited by two investigators (TV, SB),
not involved in the assessment and treatment procedures,
at the Neurocenter, Lucerne Cantonal Hospital, Switzerland.
Inclusion criteria are confirmed PD according to the brain
back criteria (37); H&Y I to IV (36); age 50–90 years old;
written and signed informed consent and experiencing
dexterous difficulties in performing ADL. Exclusion criteria
are significant medical, psychiatric comorbidity including
dementia as defined by Montreal Cognitive Assessment
(MOCA < 21) (38); inability to understand the scope of the
study and to follow the study procedures according to the
protocol, e.g., filling out questionnaires and participating
in another intervention study. Exclusion criteria for TMS
use are current pregnancy, personal history of epilepsy
or seizures, and any psychiatric, neurological, or medical
history other than PD. All data related to the study will be
collected at the outpatient neurorehabilitation center, Lucerne
Cantonal Hospital.

Sample Size Calculation
The significance level alpha is defined as 0.05 (two-tailed) for
detecting a mean difference between groups on the primary
outcome being the Dexterity Questionnaire 24 (DextQ-24)
(4) in favor of the real iTBS-VBT dexterity group. Based
on previously observed data one may assume a within-group
standard deviation of up to 10 points. The study is designed to
detect a mean difference of 10 or more points, which exceeds
the MDC95 of 8 points found in our validation study (4).
A total sample size of 30 evaluable subjects, 15 per group, is
required to detect a mean difference of an at least 1.1-fold within-
group standard deviation with a target power of at least 80%.
Considering a maximal drop-out rate of 15%, we aim to recruit
36 patients in total.

In any case, patients who do not complete the training sessions
and/or even decide to drop out of the study for whatever reason
will be encouraged to continue to participate in the scheduled
assessments for at least T1 (and/or a time point prior to the
individual end of the study) and ideally to provide a postbaseline
assessment for at least the primary endpoint.

Material
At T0 handedness (39), disease duration, medication dosage
intake per day, the Montreal Cognitive Assessment test
[MoCA, (40)] are assessed. The MoCA is divided into
visuo-spatial abilities, short-term memory, executive function,
attention and working memory, language and phonemic fluency,
and orientation.

Parkinsonian motor symptoms are assessed by the Movement
Disorders Society unified Parkinson’s Disease Rating Scale
(MDS-UPDRS) subscale III (41) at T0, T1, and T2. Severity of
the upper limb motor deficits is measured with the items 3.3 to
3.6 and 3.15 to 3.18 of the MDS-UPDRS subscale III.

Primary Endpoint
The DextQ-24 is assessed at T0, T1, and T2, which is
a standardized patient self-rated outcome measure for
evaluating dexterity related ADL in PD (4). This questionnaire
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contains 24 questions, which are divided into five subgroups
(“washing/grooming;” “dressing;” “meals and kitchen;”
“everyday tasks;” “TV/CD/DVD”). For each question, patients
must state whether they have no problems (1 point), minor
problems (2 points), major problems (3 points), or need aid (4
points) to perform the task. Points are added in each subgroup
and summed to a total score. Score ranges from a minimum of
24 to a maximum of 96 points.

Secondary Endpoints
The Nine Hole Peg test (9-HPT) and the coin rotation (CR)
task are used to explore hand and finger function at T0, T1, and
T2. The 9-HPT is a standardized, well established, and reliable
measure of hand performance in patients with PD (42, 43). The
patients have to take nine pegs one by one into the holes on a
board and then move them back to the container. The CR task
(44)measures fine coordinated fingermovements and has proven
to be a suitable and valid dexterity test in patients with PD (5, 45).
The CR task requires the patient to rotate a 20 swiss cent through
consecutive 180◦ half turns, as rapidly as possible for 10 rotations.
Time to complete the 9-HPT and the CR tasks are recorded, by
an experienced non-blinded outcome assessor (MP-W), twice for
each hand separately.

The subscale II of the MDS-UPDRS (41), containing 13 items,
and each of them scored on a 0–4 rating scale (0 = normal; 1 =
slight problem, 2 = mild problem, 3 = moderate problem, 4 =

severe problem), is used to assess improvements on overall ADL.
The scale is designed to be a self-administered questionnaire, but
can be reviewed by the outcome assessor to ensure completeness
and clarity.

To assess QoL (at T0, T1, and T2), we used the Parkinson’s
disease questionnaire-39 (PDQ-39) (46). This patient self-
rated questionnaire consists of 39 questions, which are divided
into eight subscales (mobility, ADL, emotional well-being,
stigma, social support, cognition, communication, and bodily
discomfort). The total score is given by the sum of all items and
is then transformed in a range from 0 to 100. A lower value
corresponds to a better perception of subject’s QoL.

Stimulation Protocol
iTBS is applied using a MagPro R30 stimulator (Medtronic
Functional Diagnostics, Skovlunde, Denmark), connected to
a figure-of-eight coil (Magnetic Coil Transducer MC-B70,
Medtronic) with an outer radius of 50mm or to a similar looking
sham coil (Magnetic Coil TransducerMC-P-B70,Medtronic). An
iTBS protocol is used as done in our previous rTMS study (4).
For the iTBS protocol a theta burst of three pulses with a 20-ms
interval repeated as a train of 10 bursts with a repetition rate of
5Hz is used. Trains are repeated 20 times with an interval of 8-
s. During stimulation, the examiner places the figure-eight coil
over the left or right SMA, depending on the side of the more
severe dexterity problems. The position for SMA stimulation is
determined in each patient as follows. First, the optimal position
for activation of the right abductor hallucis muscle will be
determined by moving the coil in 1 cm steps along the sagittal
midline around scalp vertex (Cz) with the handle pointing to
the right. The active motor threshold (AMT) for this muscle is

then determined. Next, stimuli at 120% AMT are given, moving
the coil anteriorly along the sagittal mid-line in 1 cm steps. The
SMA is defined as being 1 cm anterior to the last site from
which motor evoked potentials (MEPs) can be evoked during
contraction (47). Following these criteria, the position for SMA
stimulation is expected to be 3 cm anterior from the optimal
position for activation of the abductor hallucis muscle in most
patients. Sham stimulation is applied by the same iTBS protocol,
however a sham coil is used. The patients are asked to keep their
eyes closed during stimulation. Immediately after stimulation the
PD patients start with the VBT.

VBT Intervention
The VBT intervention takes place at the neurorehabilitation
outpatient center, Lucerne Cantonal Hospital. The interactive
training program contains the use of two different devices. Each
device is used for about 15min. The first interactive device is
the GripAble (https://gripable.co/) (Figure 2A), which is a new
wireless device allowing the training of upper-arm and hand
movements during wrist extension and flexion, pronation and
supination, wrist radial and ulnar deviation, and also hand and
pinch grip-force (48). To be able to manipulate objects well-
one needs good hand/finger pinch grip and release (49, 50). The
device is able to capture fine hand/finger movements. It can be
connected (by bluetooth) with a tablet on which a GripAble
app including different therapy games is installed. So far, nine
games are available, of which five were chosen to be used for
the present trial, since each of these five games focus on different
hand/finger movements. Finger movements (pinch grip) can be
done by adding a pinch pin.

Plume

In this activity, the user is controlling the bird as it flies along a
course using wrist flexion tomove downward and wrist extension
to move upward. The patient has to collect as many feathers as
possible and to avoid different obstacles. If the bird flies in an
obstacle the patients lose points. High level of visual perception
and concentration is required. The time taken increases as the
user works through the levels (Figure 2B top middle).

Windowsill

This activity requires wrist pronation, supination, and grip
release. This activity presents pots in different places on a
windowsill. A bag of soil is then moved left to right (using
pronation/supination) until it is placed directly above one of the
pots. When still, the soil can be released to fill the pot by gripping.
Once the pot is full, a seed can be placed into the pot using the
same control. This is followed by a watering can which needs to
be poured until the flower appears. As the levels progress, more
pots appear and are at a wider spacing (Figure 2C top right).

Balloon Buddies

The focus is on controlled grip (requiring hand/finger strength
and endurance) and release. The patient controls an owl which
is suspended from the balloon. The owl needs to collect all the
stars to gain points. Squeezing GripAble inflates the balloon to
make the owl go up the screen. Releasing GripAble brings the owl
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FIGURE 2 | Video based training with GripAble. Top left (A) GripAble device; top middle (B) Plume; top right (C) Windowsill; bottom left (D) patient playing Balloon

Buddies; bottom middle (E) Circus Escape; bottom right (F) Pufferfish.

down the screen. The levels give increased time and complexity
of the required control. The emphasis is on smooth transition
between grip and release. The placement and the smoothness of
the curve of stars alters through the levels to give gradual increase
in demand (see Figure 2D bottom left).

Circus Escape

This activity targets controlled and fast reaction in grip and
release. The goal is for the patients to power the bear on the
cycle along the course without falling off the cliff. The patient
will need to squeeze with more intensity and harder as the cycle
moves up hills. The levels increase in complexity and length as
they progress. There is a natural break within each level as the
user waits for the hazards to reach the point of safe movement
(Figure 2E bottom middle).

Pufferfish

This activity requires wrist ulnar and radial hand deviation,
optional grip and release. The patient is controlling the fish to
move up and down the screen by moving GripAble through
wrist radial and ulnar deviation. The fish needs to catch the
bubbles. In Level 3 onwards, hazards appear which need to be
avoided or can be blown away by squeezing. The fish will not be
affected by swimming over the sandy area at the base of the screen
(Figure 2F bottom right).

The second device is the Leap MotionTM Controller, LMCTM

(https://www.leapmotion.com/) which is an optoelectronic
commercially available device suitable for hand gesture-
controlled user interfaces allowing human–computer interaction.
It tracks hand and finger movements by modelling all
physiological hand and finger joints within a virtual reality
(VR) environment (51, 52). The patients see their hand in real
time on the screen (Figure 3).

Four games were downloaded from the manufacturer’s Web
site (Leap Motion Gallery: Blocks, Flowers, Tilt Your Ball and

FIGURE 3 | Leap Motion training, Top left (A) Blocks; top right (B) flower;

bottom left (C) Tilt Your Ball; bottom right (D) Fragmented 3D.

Fragmental 3D (see also https://gallery.leapmotion.com/), which
were partly evaluated in our previous pilot study (14). In short,
in the first game, Tilt Your Ball (Figure 3A top left), the screen
shows a room filled with four colored blocks. There are also
four bodies. The aim is to use the fingers to connect the colored
blocks to the body (pinch grip). The second game shows a flower
(Figure 3B top right) made of steel with seven pedals. The aim
is to remove the pedals one by one with the fingers. In Tilt
Your Ball (Figure 3C bottom left), the patient has to navigate a
small metal ball through different levels by tilting his hand. The
successive levels become more and more difficult. Fragmented
3D (Figure 3D bottom right) is played by moving, rotating,
and dropping blocks to form rows across a 3D grid. The goal
is to build rows across the grid to erase lines, make combos
and thus score points. The games Blocks, Flower, Fragmented
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3D specifically requires fine coordinated movements. Tilt Your
Ball requires fine combined wrist flexion extension, forearm
prosupination movements, which are all needed for optimal
object manipulation.

Statistical Analysis
Descriptive statistics are used to present baseline characteristics
and results of outcome measurements. In order to investigate
the treatment effect for the primary endpoint, a hierarchical
testing strategy is applied. For DextQ-24 at T1, an ANCOVA
model is used with a fixed effect for treatment and the baseline
(T0) value of DextQ-24 as a covariate. If a treatment effect at
T1 could have been shown (null hypothesis rejected), the same
approach will be performed for DextQ-24 at T2 in order to see
whether the treatment effect is sustainable. An estimate for the
treatment effect will be derived from the model together with
a corresponding 95% confidence interval. As a postestimation
procedure effect size measures such as (partial) eta square with
corresponding 95% intervals will be provided. In an exploratory
manner, the secondary endpoints are tested utilizing the same
methodology. As a sensitivity analysis, e.g., to explore the
robustness of the results in case of missing values, the primary
and secondary endpoints are analyzed using linear mixed effects
models with fixed effects for treatment, time point, interaction of
treatment and time point, baseline value as a covariate and with
subject as a random effect. Estimates for the treatment effects
at T1 and T2 with corresponding 95% confidence intervals can
be obtained as contrasts derived from these models. Further
supportive analyses to check the robustness of the treatment
effect estimators can be performed by adjusting the model from
the primary analysis for the stratifying variable, namely the
H&Y scale.

According to the treatment policy strategy (Intention to
treat (ITT) principle) every randomized PD patient, including
the drop-outs, is included for final evaluation. For all analyses
the level of significance is set to alpha = 0.05 (two-tailed).
Statistical analyses are performed using Stata (Version 16.1 or
later, StataCorp, College Station, Texas, USA).

DISCUSSION

Dexterity related difficulties during the performance of several
ADL are frequently reported in PD, leading to reduced QoL (1–
3, 7). Specific dexterity trainings have shown short, (6, 12, 14) but
no long-term effects (7). The present study choses an innovative
multimodal therapeutical approach, not done before, by using
a VBT intervention using two types of devices (GripAble and
LMCTM), each having its own focus. The GripAble games chosen
herein, focus on training train hand/finger pinch grip and release,
and different hand movements, which are all key elements for
good manipulation of objects. The LMCTM training focus more
on independent finger movements. To further boost the effects
on dexterity the VBT training is combined with an facilitatory
iTBS over SMA, a cortical region being involved in fine motor
control (34, 35).

The present proof-of-concept RCT aims at combining, for
the first time, VBT and iTBS targeting SMA. The VBT used

herein is an attractive new way to train dexterity in PD (9). The
games, delivered by using GripAble and LMCTM in this RCT,
provide direct feedback, are fun, motivating, and incorporate
several levels of difficulty, all aspects which are important to
trigger motor learning in PD (8). By combining this attractive
training with iTBS we expect to achieve sustainable long-term
benefits in dexterity-related ADL also leading to improved QoL
in patients with PD. The reason for choosing iTBS is its shorter
application time, therefore clinically being more applicable,
and lower stimulation intensities compared with conventional
rTMS paradigms, inducing more longer-lasting neural effects
(23). Currently, TBS seems to be one of the most powerful
neuromodulatory stimulation protocols currently available (23).

The total dosage of the present study is 405min of combined
iTBS-VBT training (45min, three times a week, 3 weeks),
representing a short but intensive training. Previous studies
using a similar amount of rTMS sessions, already suggested
longer lasting behavorial effects, even up to 3 months (53,
54). We assume that a 3-week combined iTBS-VBT training
will be enough to achieve both short as well as long-term
effects. Furthermore, due to the short training period, it has
the potential to be easily implemented in the daily routine of a
neurorehabilitation center and at home.

Some limitations have to be mentioned which might occur
during the trial. These could be related to the technical
devices used in the VBT. The developers of GripAble
(see for acknowledgments) are continuously doing efforts
to upgrade their system, also by developing new games,
potentially interesting for the present trial. However, to avoid
contamination of training effects, we will not implement these
new games. The long-term follow-up (12 weeks after training)
might be a challenge for some PD patients, and may lead
to some drop-outs. However, we expect no drop-out rate
exceeding 10%, as shown in our previous RCT with a similar
design (7).

In summary, the present project aims to investigate, for
the first time, the effectiveness of a combined iTBS-VBT 3-
week intervention in PD. Its short and long-term benefits will
be evaluated. By using iTBS before VBT we expect to further
strengthen the VBT effects, also to achieve sustainable long-
term effects. The improved dexterity in both the short and
long term, will lead to improved ADL and QoL in patients
with PD.
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Background: Script training is an aphasia treatment approach that has been

demonstrated to have a positive effect on communication of individuals with aphasia;

however, it is time intensive as a therapeutic modality. To augment therapy-induced

neuroplasticity, transcranial direct current stimulation (tDCS) may be implemented.

tDCS has been paired with other speech-language treatments, however, has not been

investigated with script training.

Aims: The purpose of this study was to determine if tDCS improves communication

proficiency when paired with script training, compared to script training alone.

Methods and Procedures: A single-subject experimental design was implemented

with a participant with non-fluent aphasia, using two scripts across treatment conditions:

script training with sham-tDCS, and script training with anodal-tDCS. Treatment sessions

were 75min long, administered three times weekly. Anodal tDCS was implemented for

20min with a current of 1.5mA over the right inferior frontal gyrus.

Results: Large effect sizes were obtained on script mastery for both stimulation

conditions (anodal d2 = 9.94; sham d2 = 11.93). tDCS did not improve script accuracy,

however, there was a significant improvement in the rate of change of script pace relative

to baseline (3.99 seconds/day, p < 0.001) in the anodal tDCS condition.

Conclusion: Despite a null tDCS result on accuracy, the script training protocol

increased script performance to a near-fluent level of communication. There is preliminary

evidence to suggest that tDCS may alter the rate of script acquisition, however,

further research to corroborate this finding is required. Implications for future studies

are discussed.

Keywords: aphasia, script training, transcranial direct current stimulation, right-hemispheric anodal stimulation,

automaticity, tDCS, stroke rehabilitation

INTRODUCTION

Aphasia is an acquired language impairment primarily caused by cerebrovascular accidents
involving the left middle cerebral artery. Aphasia can cause significant communication deficits;
even mild aphasia can have significant deleterious effects on a person’s ability to participate in
everyday life activities and fulfill social roles (1). Approximately one-third of people who survive
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a cerebrovascular accident will experience some degree of aphasia
(2). To date, there is no cure for aphasia, however, several
behavioral treatments exist that help improve language and
communication specific to aphasia (2). One functional speech-
language rehabilitative approach is script training, which has
emerged as a potentially promising treatment option for aphasia.

Script training in aphasia typically involves the repeated
practice of words, phrases, and sentences embedded within a
monolog or dialogue that is individualized to the person with
aphasia (3). People with aphasia (PWA) engage in repeated script
practice using a fading of cues protocol until they can speak
the script automatically and use it in everyday communication
situations (4, 5). Script training is based on the Instance Theory
of Automatization (6), which posits that automaticity of skills is
achieved by retrieving intact, context-dependent information (in
this case, scripts of language) from long-term memory. Scripts
are encoded through repetition, and typically the clinician uses a
fading cues protocol until the PWA can recall and speak the script
automatically (5, 6). Since the development of script training
protocols, there has been an increasing literature base exploring
the effectiveness of script training in PWA. Most have been
single-subject experimental designs or case series of individuals
with chronic aphasia of mild-moderate severity (5, 7). However,
studies employing larger samples also demonstrate positive
treatment outcomes related to spoken and written language and
communication (8–10).

One caveat for the use of script training is that it requires
extensive practice and time. For example, 22–44 in-person formal
training sessions have been reported to master three scripts,
excluding individual time practicing at home (4, 5). Some
attempts have been made to use technology to increase the
efficiency of training [i.e., virtual therapist (8)], but PWAmay still
need to devote significant time and cognitive effort in the learning
process. One potential method to assist in increasing efficiency of
the script training approach is through neuromodulation using
transcranial direct current stimulation (tDCS).

tDCS and Aphasia Treatment
Transcranial direct current stimulation (tDCS) involves the
application of a low-dose electrical current across the brain to
alter neuronal transmembrane polarities (11). This subthreshold
current is not strong enough to invoke an action potential,
however, it is proposed to hypopolarize or hyperpolarize the
neuronal resting state to achieve heightened sensitivity or
dampening in cortical regions of interest (11).

tDCS applications should include the consideration of factors
such as the selection of an appropriate region of stimulation,
current strength, duration, and frequency. Another consideration
specific to stroke-acquired aphasia is the size and location of
the lesion, as the distribution of the current can be altered by
this lesioned tissue (12). Most tDCS studies for aphasia have
utilized anodal stimulation over the perilesional structures in
the left-hemisphere, and/or cathodal stimulation over the right-
hemisphere (13).

In addition to targeting perilesional tissue with anodal
tDCS, there is increasing evidence to suggest other electrode
montages are beneficial for PWA. For instance, left-cathodal,

as well as right-anodal stimulation may promote secondary
language processing within the right-hemisphere (14–21).
Anodal-tDCS over the right-hemisphere paired with speech-
language treatment has been utilized in previous aphasia studies
with reports of increased verbal fluency (17) and naming ability
(18). When left-hemisphere damage is extensive, the right-
hemisphere may become the dominant language promoter (22).
Therefore, right-hemispheric anodal-stimulation may increase
language performance if the right-hemisphere has become the
primary neural-area for language processing [i.e., after a large
left-hemisphere lesion (23)].

Indeed, previous studies have demonstrated that tDCS
stimulation over the right inferior frontal gyrus can improve
language functioning (17, 18). The right inferior frontal gyrus
is suggested to be involved in homologous speech-language
processing, such as singing and intonation, by incorporating
the right arcuate fasciculus and communicating structures; these
neural pathways are implicated in melodic intonation therapy
for aphasia (17, 24, 25). By inducing tDCS-neuromodulation
to these areas, language abilities may be improved, particularly
when paired with speech-language therapies (including script
training), to enhance and/or expedite treatment effects.

Script training has been demonstrated to be an effective
treatment option in improving functional communication in
PWA. Whereas, tDCS may improve the efficiency and efficacy
of script training, it has not been examined together with
script training. Therefore, the purpose of this study was to
determine if outcomes from script training could be enhanced
when combined with tDCS in an individual with post-stroke
aphasia. An anodal right-hemispheric montage was selected, as
the presence of a large left-hemisphere lesion precluded left-
hemisphere placement. The specific research questions were
as follows:

1. What are the effects of script training for an individual with
post-stroke aphasia with an extensive left-hemispheric lesion?

2. What are the effects of combining anodal right-hemispheric
tDCS over the inferior frontal gyrus with script training for an
individual with chronic post-stroke aphasia with an extensive
left-hemispheric lesion?

MATERIALS AND METHODS

Design
A n-of-1, single-blinded A - B - B+C - A design was implemented
where “A” indicates conventional baseline measures, “B”
indicates script training paired with sham-tDCS, and “B+C”
represents script training with active anodal-tDCS.

Participant
The participant (JB) was recruited based on convenience
sampling. JB, was a 45-year-old English-speaking male, 3 years,
11 months post-onset of a large left-hemispheric stroke resulting
in chronic aphasia, apraxia of speech and right-sided hemiplegia.
His lesion encompassed the left parietal, temporal, and frontal
lobes seen on neuroimaging (Figure 1). JB had 4 years of post-
secondary education and worked as a project manager prior to
the stroke.
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FIGURE 1 | CT scan taken 3 years after JB’s stroke. There is evidence of a

large, chronic post-stroke lesion within the left-hemisphere. Regions affected

are associated with branches of the left middle cerebral artery.

Prior to commencing the study, JB completed screenings of
vision: (Rosenbaum pocket vision screener; 20/20 bilaterally

uncorrected at 14
′′

distance), hearing [minimal-pairs
discrimination task using words/non-words adapted from
PALPA 1 and 2 (26); 98% correct] and non-verbal fluid
intelligence [Raven’s Coloured Progressive Matrices (27); 34/37
correct]. The severity and profile of aphasia were characterized
by the WAB-Revised [WAB-R (28)]. JB presented with non-
fluent (Broca’s) aphasia with a WAB-R Aphasia Quotient of
51.7. Auditory comprehension was a relative strength. Verbal
expression consisted of mainly single words spoken in a slow,
halting manner. JB used frequent gestures as well as a tablet-
based augmentative and alternative communication program
with pictographic and synthesized voice support to supplement
his limited spoken language.

Ethics
This project was approved by the University of Alberta Research
Ethics Board (Pro00054921). Study procedures were explained to
JB and his spouse in written and verbal form using supported
communication strategies, and JB provided signed informed
consent. The participant received a fifty-dollar gift card as
compensation for participating in the study.

Intervention
Script Training
In collaboration with JB, two dialogue-based scripts were
developed using standardized templates adapted from Kaye and
Cherney (3). As our participant had a limited timeframe to
participate in this study, six participant-phrases per script were
selected from the standardized templates and personalized. After
script personalization, Script 1 had a Flesch-Kincaid reading level
of 1.4, and Script 2 had a reading level of 1.2.

TABLE 1 | Script Training Procedures Implemented.

Step Description

1 Phrase modeling by the researcher

2 Reading of the phrase between the client and researcher in

unison

3 Reading of the phrase in unison, with the researcher slowly

fading their voice out

4 Independent phrase production by the client (with cueing)

5 Independent phrase production by the client (without cueing)

6 After 20 successful independent productions of the phrase,

the next phrase is added on to the mastered phrases

[Adapted from Youmans et al. (4)].

Five baseline probes (Phase A) were administered for Script
1 prior to initiating treatment. During Phase B, while Script 1
was being trained, probes were conducted for Script 2. During
each probe, the participant had access to the printed script and
attempted to read it aloud. No training or feedback was given
during probes.

During the treatment phases (B, B+C), a fading cue-hierarchy
protocol (4) was used during the script training. Scripts were
taught one phrase at a time, using a dialogue-turn format
(Table 1). Throughout the script training procedure, JB had
access to the whole printed script in addition to cue cards with
one script line written on each. Independent spoken production
of the script was defined as the participant correctly saying
the phrase aloud, without cueing. The participant was required
to independently say the phrase aloud 20 times before the
next phase in the script was added to the previously mastered
phrase(s). The researcher immediately corrected errors (defined
as any distortion of a word or deviation in syntactic structure),
and the individual repeated the word or phrase aloud. Two
scripts were taught sequentially; JB chose the order. Script 1
(ordering a pizza) was first during treatment phase B; Script 2
(grocery shopping) was second in phase B+C. A minimum of
three sessions in each phase was required, however, no limit
on treatment sessions was set for either script. Rather, a script
was considered mastered after JB demonstrated two consecutive
sessions with over 90% percent of script correct (4, 5).

During B and B+C, probing continued at the beginning of
each session prior to script training. When mastery was achieved
for Script 1, Script 2 training was initiated. Training on Script 1
was discontinued, although the participant continued to practice
Script 1 at home. After demonstrating mastery of Script 2, script
training was discontinued. Four maintenance data points were
collected at one, five, seven, and fourteen weeks after completing
treatment phase B+C. Maintenance data probes were conducted
the same way as baseline data probes, with the participant having
the printed script and attempting to read it aloud. No feedback or
cueing was provided.

The protocol was conducted in person three times per week,
in 75-min sessions at a university research lab. Homework was
assigned in the form of 15-min of script practice per day. Audio
files using the fading-of-cue protocol were recorded for both
scripts on JB’s tablet at the start of each training phase to facilitate
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script training at home. The participant kept a homework log to
record daily practice.

tDCS Stimulation
In the anodal-tDCS condition, a 1.5mA current for 20-min was
applied through 5 cm × 7 cm electrode sponges, saturated in
10mL of 0.9% NaCl solution, using a Magstim HDCStim device.
The anodal-electrode was placed over the right inferior frontal
gyrus, determined to be at the intersection of T4-Fz and F8-
Cz (29), and secured with a hairnet. The cathodal electrode was
placed on the left deltoid muscle (30).

For a blinding procedure during phase B, a 1.5mA current
was applied for 1min with a 15-second ramp-up and ramp-down
period, to create the sensation of electrical stimulation (31). tDCS
was implemented for the first 20min of the script training period,
and the electrodes were taken off at the end of the session.

Dependent Measures
Three outcome measures were used to examine treatment effects:
(1) script mastery (defined as 90% of script spoken correctly
over two consecutive sessions); (2) total time to complete script
turns; and (3) the number of sessions required to demonstrate
script mastery.

Script mastery was measured using both binary scoring
(Correct/Incorrect) and the Naming and Oral Reading for
Language in Aphasia 6-Point Scale [NORLA-6 (32)]. Using this
scale, each word in the script is scored from 0 to 5, where 0
indicates no communicative output, and 5 indicates a perfect
response. NORLA-6 scoring provided a more fine-grained
analysis of script production, accounting for speech/language
errors (such as delays in production, distortions of words, tenses,
morphemes, and phonemes). Total time to complete script turns
was calculated based on the sum of time JB required to complete
his turns in the scripted dialogue. A turn was defined by the end
of the researcher’s probe until the end of JB’s turn.

Analyses
In line with single-subject research designs, traditional visual
analysis methods [outlined in Kratochwill et al. (33)] and effect
sizes [using the modified Cohen’s d2 as described in Beeson
and Robey (34)] using baseline and post-treatment scores for
each script are reported. The magnitude of effect sizes will
be interpreted as 2.6, 3.9, and 5.8 for small, moderate, and
large effect sizes respectively (34, 35). In addition, a modeling
technique to account for change across time—an Interrupted
Time Series Analysis [ITSA (36)] was also used.

ITSA can determine if significant differences exist between the
slopes (trends) and levels (corresponding y-values) in time-series
designs. ITSA is advantageous as it can be utilized for between
group comparisons, and with multiple treatment phases across
time (36). ITSA accounts for autocorrelation and utilizes an
ordinary least squares regression process to create a regression-
based model of the dataset while calculating pre- and post-
intervention levels and trends after an intervention is started or
withdrawn. An ITSA package (37) available for Stata (38) from
the Statistical Software Archive was used to run the ITSAmodels.

RESULTS

Interrater Reliability
A second coder independently scored each word (using binary
and NORLA-6 scoring) for both scripts across conditions, for
nine sessions chosen at random. The individual was trained on
the NORLA-6 scale by the primary author. A Krippendorff ’s
alpha was calculated in SPSS (IBM Corp., Version 24, Armonk,
NY). An α = 0.99 was obtained, suggesting strong interrater
reliability between both raters across scoring methods.

Script Mastery
Binary Scoring
Scores were transformed to percent script correct based on the
sum of words correct and the total number of words in the
script. Upon visual analysis, a stable pattern is noted during the
initial baseline period across both study conditions (Figure 2A).
Using ITSA, a non-significant difference between both scripts
during the baseline period was calculated, indicating similar
performance between both scripts during the baseline period.

Applying ITSA across study phase B, there was an increase
in the slope and change in level for Script 1. This change
in daily trend was determined to be 1.54%/day (p = 0.034,
95% CI [0.12, 2.96]). That is, JB was improving at a rate of
1.54% /day compared to baseline on the trained script. Script 2,
which remained untrained, remained comparable to the baseline
period (−0.40%/day; p= 0.685, 95% CI [−2.44, 1.63]). Applying
ITSA across phase B+C, there appears to be an increase in
performance for Script 2. Indeed, the change in daily trend within
treatment phase B+C for Script 2 was significant, increasing
1.71%/day relative to baseline (p = 0.021, 95% CI [0.39, 3.02]).
When comparing the slopes before and after anodal tDCS was
administered, no significant differences in the interaction of
group and intervention phase was observed.

A post-trend analysis within ITSA using a linear combination
of estimators (lincom) revealed no significant difference between
script training with anodal-tDCS compared to script training
with sham-tDCS in the maintenance period. This suggests no
significant difference between retention of the scripts across sham
and anodal conditions during the maintenance phase.

Large effect sizes were seen for both treatment conditions;
the effect size for script training with sham-tDCS was d2
= 9.94, compared to script training with anodal-tDCS d2 =

11.93. Despite the large effect sizes, there remained a lack
of statistical significance from ITSA when comparing between
both conditions (slopes of 1.54%/day for Script 1, compared to
1.71%/day for Script 2).

NORLA-6 Scoring
NORLA-6 scores were transformed to a percentage, based on
the maximum NORLA-6 score achievable. Visual analysis of
the NORLA-6 model complements the results of the binary
scoring method. In the baseline period, both scripts appear to
be stable without any significant fluctuations in performance
(Figure 2B). Within treatment phase B, NORLA-6 scores for
Script 1 improved significantly, evident by the rise in trend, and
change in level. Script 2 mastery continued to demonstrate a

Frontiers in Rehabilitation Sciences | www.frontiersin.org 4 January 2022 | Volume 2 | Article 79345135

https://www.frontiersin.org/journals/rehabilitation-sciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/rehabilitation-sciences#articles


Figeys et al. tDCS and Script Training

FIGURE 2 | (A) Line chart of percent script correct using binary scoring over treatment sessions and maintenance. (B) Line chart of percent script correct using

NORLA-6 scoring over treatment sessions and maintenance.

baseline-like pattern, without any significant changes, until the
initiation of B+C. Script 2 also had a rise in trend and overall
level in phase B+C, with script 1 remaining relatively stable. This
stability was further extended into the maintenance period.

With ITSA, there were no significant differences between
treatment conditions with NORLA-6 scoring. Further, no
significant differences in the interaction of group and
intervention phase were observed. Within the maintenance
period, there was no significant difference between the anodal-
tDCS and sham-tDCS phases using lincom post-trend analysis.
Like binary scoring, a large effect size was obtained for script
training with sham-tDCS (d2 = 8.88), and a moderate effect size

was seen in script training paired with anodal-tDCS (d2 = 12.23).
tDCS did not impact script retention, evidenced by similar
performance across scripts during the maintenance period.

Time to Complete Scripts
Visual analysis of Figure 3 suggests that the time needed to
complete script turns decreased across both scripts starting
within the baseline phase, suggesting a potential learning effect
prior to implementing script training.

Once intervention phase B was implemented, the trend for
script 1 decreased at a faster rate than seen during baseline. Script
2 also appears to become faster over this phase. The daily rate
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FIGURE 3 | Line chart of the change in total time (in seconds) required to complete script phrases.

of change across phase B for Script 1 was modeled with ITSA to
improve by an additional 3.68 seconds/day relative to the baseline
(p= 0.303, 95% CI [−3.56, 10.93]).

Upon visual analysis across treatment phase B+C, there is a
change in level after a marked decrease in trend for script 2. A
non-significant change in daily trend and level is evident within
treatment B+C for script 1. ITSA modeled the change in slope
for Script 2 time relative to baseline to be 3.99 s/day (p < 0.001,
95% CI [2.44, 5.56]). When examining the interaction of group
and intervention phase (non-relative to baseline), no significant
differences were noted.

Time to complete script turns remained stable during the
maintenance period for both scripts. ITSA modeling revealed
that there were no statistical differences between the time taken
to speak the two scripts during the maintenance period. Effect
size measures for both conditions were similar, with a d2 =−5.31
for script training with sham-tDCS, and a d2 = −3.42 for script
training paired with anodal-tDCS.

Number of Sessions to Achieve Mastery
JB achieved script mastery, defined as speaking 90% of the
script correctly and independently over two consecutive sessions,
after six sessions for Script 1 (paired with sham-tDCS) and five
sessions for Script 2 (paired with anodal-tDCS).

DISCUSSION

The study participant demonstrated positive outcomes related
to script mastery, total time to complete script turns, and the
number of sessions to mastery in both treatment conditions
in this study. There was no difference in script mastery or

total script time between the two treatment conditions. There
is preliminary evidence from the ITSA analysis that the use of
tDCS may have facilitated faster learning of the second script,
however, the generalizability of this result is limited due to the
single-subject design. The findings of this study are important
from both a methodological perspective and may inform future
research designs.

The results of this study are consistent with the existing
literature regarding the variable effects of tDCS in aphasia
protocols [see (39–41)]. These conflicting results may be
explained by differences in the tDCS treatment parameters
used across studies, heterogeneity among participants, variable
treatment paradigms, and methodological differences (39).
Several factors may have contributed to the obtained results of
tDCS paired with script training. First, tDCS placement may have
mitigated the potential benefits of neuromodulation. Anodal-
tDCS over the right IFG was selected based on the model
proposed by Anglade et al. (23). In the absence of neuroimaging-
guided tDCS placement (42), it is unknownwhether the right IFG
was the optimal stimulation site for our participant. Stimulation
in more posterior brain structures, such as the superior temporal
gyrus, could potentially engage a greater homologous related
ventral stream response [refer to Hickok and Poeppel (43) for
a discussion on dorsal and ventral streams]. Further research
is necessary to determine optimal montage, target structures of
interest, as well as hemispheric effects and the individualization
of tDCS protocols.

Second, the design of the study may have resulted in sub-
optimal effects of the tDCS. In the current study, sessions
were not consecutive. Thus, the effects of tDCS may have
diminished between sessions. In previous studies, the frequency
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of tDCS stimulation, as well as stimulation parameters have
varied (12, 22), and it remains unclear if the frequency of tDCS
stimulation is correlated to an improvement in learning and
language performance. For instance, Monti et al. (14) report
increased naming accuracy in individuals after a single session
of left-hemispheric cathodal stimulation (2mA for 10min). In
contrast, Spielmann et al. (40) reported no significant changes
in individuals who received left-hemisphere anodal tDCS for
5 consecutively administered sessions per week, over 2 weeks
(1mA for 20 min).

Third, floor and ceiling effects are present in the dataset;
once JB mastered the scripts, he consistently achieved near-
perfect performance. Although the scripts were challenging at
first, they may have been too easy such that any potential
differential effect of the use of tDCS on learning accuracy
was masked. We noted that time to complete both scripts
decreased during the baseline probes and treatment phase B,
suggesting learning/practice effects for the untreated script.
Upon closer review, there were no corresponding improvements
in accuracy for the untreated script, and the reduced time
reflected reductions in speech breaks/pauses. ITSA revealed
only the trained scripts showed significant changes relative
to baseline (Figure 2) during the treatment phases. Thus,
it seems explicit training of the scripts was necessary to
increase script accuracy, however, mass exposure without
training may reduce script time due to potential learning and
habituation effects.

Other design considerations may impact future study results,
for example, adding additional treatment phases and washout
periods (44). Future studies should examine the effects of an
untrained script and include other speech-language tasks. Due
to participant time constraints, it was decided to provide sham
tDCS first to remove the need for a washout period. Thus, the
research teamwas not blinded. Double-blinding is recommended
in future studies. Further research pairing script training with
the use of neuroimaging-based approaches is recommended to
examine larger neuronal networks utilized in script training
acquisition and in long-termmaintenance. In addition, structural
imaging can be utilized to model tDCS electrical fields on
each participant to optimize electrode placement. Furthermore,
brain-derived neurotrophic factor genotyping would be of
benefit to optimize tDCS for PWA (45). Finally, other factors
including neuropharmacological agents were not controlled
for and may have physiologically impacted the effects of
tDCS (46).

Despite the null tDCS results on script accuracy, our
participant demonstrated significant gains on the two practiced
scripts due to the script training protocol. These successful script
training results are consistent with previously reported studies of
patients with similar aphasia profiles (4, 7) and add to the existing
literature in this area. Further, we extend the literature on the
topic of the personalization of scripts. Personalization of scripts
may increase communicative gains to a greater extent than non-
personalized scripts (47). In this study, scripts were personalized

regarding names, places, and favorite foods in JB’s environment.
Participant reports and detailed logs from our participant
demonstrated significant interest in both scripts. JB was very
motivated and continues to individually practice the scripts after
completion of the study. This demonstrates an individualized
functional benefit of the implemented script training protocol for
our participant.

In conclusion, script training had a positive effect on
communication for an individual with post-stroke aphasia with
a large left-hemispheric lesion. The addition of tDCS did
not increase functional communication, including the time
required to complete the script or script accuracy. Script
training, as well as tDCS applications, may be a promising
rehabilitation approach to assist in communicative compensation
for individuals with post-stroke aphasia, however, due to
limitations in this study, future research is necessary, with a focus
on larger sample sizes.
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Dalfampridine for Mobility
Limitations in People With Multiple
Sclerosis May Be Augmented by
Physical Therapy: A Non-randomized
Two-Group Proof-of-Concept Pilot
Study

Prudence Plummer 1*, Silva Markovic-Plese 2 and Barbara Giesser 3

1Department of Physical Therapy, MGH Institute of Health Professions, Boston, MA, United States, 2Department of

Neurology, Thomas Jefferson University, Philadelphia, PA, United States, 3Multiple Sclerosis Neurology, Brain Health Center,

Pacific Neuroscience Institute, Santa Monica, CA, United States

Purpose: To demonstrate proof-of-concept for a combined physical therapy and

pharmacological intervention and obtain preliminary estimates of the therapeutic

efficacy of a motor-relearning physical therapy intervention with and without concurrent

dalfampridine treatment on gait speed in people with mobility limitations due to multiple

sclerosis (MS).

Methods: Using a non-randomized, two-group design, 4 individuals with MS newly

prescribed dalfampridine as part of their routine medical care, and 4 individuals with

MS not taking dalfampridine completed a 3-week drug run-in or no-treatment baseline,

respectively. After 3 weeks, all participants commenced physical therapy twice weekly

for 6 weeks. Participants taking dalfampridine took the medication for the study duration.

The physical therapy program comprised functional strengthening, gait training, balance

training, and dual-task training. The primary outcome was Timed 25-foot Walk (T25FW)

at the end of the 6-week physical therapy program.

Results: For the 4 participants taking dalfampridine, average improvement in T25FW on

drug only was 12.8% (95% CI 1.2 to 24.4%). During the 6-week physical therapy phase,

both groups significantly improved T25FW, but the effect tended to favor the group taking

dalfampridine (mean difference = −0.93 s, 95% CI −1.9 to 0.07 s, p = 0.064, d = 1.6).

Whereas the physical therapy group had average T25FW improvement of 10.8% (95%

CI 1.0 to 20.5%), the physical therapy plus dalfampridine group demonstrated average

improvement of 20.7% (95% CI 3.8 to 37.6%).

Conclusions: Further research is warranted to examine whether dalfampridine for

mobility impairment may be augmented by physical therapy in people with MS.

Keywords: physical therapy, rehabilitation, dalfampridine, gait, walking, multiple sclerosis
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INTRODUCTION

Clinical efficacy of oral dalfampridine extended-release for
improving gait speed in people with multiple sclerosis (MS) has
been demonstrated in two Phase 3 clinical trials (1, 2); however,
only 38% of patients taking dalfampridine were “responders” to
the medication (3). Responders were defined as patients whose
Timed 25-Foot Walk (T25FW) gait speed was faster for at least
3 of the 4 on-drug assessments compared to their fastest off-
drug assessment. While the average T25FW improvement of 25%
observed in responders is impressive (3), equivalent to 0.16 m/s
(4), there are a large number of patients who do not achieve a
meaningful response to the medication and for whom adjunct or
alternate interventions for gait impairment are necessary.

Task-specific gait training (5–8) such as that provided in
physical therapy can also produce positive effects on gait speed
in people with MS (4). Although the precision of effect size
estimates for gait training are currently limited by very small
rehabilitation studies (4), interventions with promising effect
sizes have included conventional gait training (6) as well as robot-
assisted and treadmill-based gait training (5, 9, 10). Further, it
is possible that combining physical therapy with dalfampridine
may increase the effect size of dalfampridine on gait speed and
the proportion of patients who experience a clinically meaningful
treatment effect (11).

The purpose of this pilot study was to demonstrate proof-
of-concept and obtain preliminary effect size estimates of
dalfampridine combined with physical therapy (D+PT) after
an initial drug-only run-in phase to determine responsiveness
to dalfampridine alone, and to compare the effects to physical
therapy without dalfampridine (PT) in people with MS, on gait
speed assessed under fastest comfortable (i.e., T25FW).

METHODS

This pilot study was a non-randomized two-group design with
pre-post assessment and 1-month follow up. To be included,
participants had to have a diagnosis of MS (any phenotype) and
either have been prescribed dalfampridine by their neurologist
as part of their usual care or not taking dalfampridine (and
not have previously taken it). Participants in both groups had
self-reported issues with mobility and/or falls, were 18–70 years
old, could complete the T25FW in 6–45 s without physical
assistance, and were able to follow a 3-step verbal command in
English. Individuals were not eligible if they had experienced an
exacerbation in the last 60 days, recent myocardial infarction or
illness requiring hospitalization, reported a history of any other
neurological disease, lower extremity amputation, or uncorrected
hearing impairment that would prevent ability to perform the
dual-task assessment. All participants provided written informed
consent. The study was approved by the local Institutional
Review Board.

Twelve participants were enrolled and 8 participants
completed all study related interventions and primary outcome
analyses. The 4 withdrawals (non-completers) were related to
inability to complete study visits according to schedule (n = 1),
development of medical issues that prevented continuation in the

study (n = 1), or substantial delays in obtaining approval from
insurance providers for dalfampridine following prescription
by the neurologist (n = 2). Since this was a proof-of-concept
pilot study with the principal aim to explore effect sizes of
combined dalfampridine and physical therapy compared to
physical therapy alone, we only analyzed data for subjects who
completed the full intervention protocol (n= 4 each cohort).

Four of the 8 completers had been prescribed dalfampridine
by their physician, and 4 were not taking the medication. Only
5 of the 8 participants who completed the intervention were
available to attend the 1-month follow-up; the 3 who missed
their follow-up assessments were due to travel/holidays. Thus,
the 1-month follow-up timepoint was omitted from the analyses
reported herein.

Interventions
Participants taking dalfampridine took 10mg doses every 12 h
per physician prescription. The physical therapy intervention
has been described elsewhere (11) but critical components are
detailed here.

The physical therapy intervention was a progressive,
mobility and balance motor-relearning (i.e., restorative-focused)
intervention provided one-on-one by a licensed physical
therapist that included training in functional strengthening,
coordination, static and dynamic balance, dual-tasking, and
gait. The intervention was standardized in terms of the
philosophical approach and structure, but the specific activities
were customized to the participant’s individual needs (selected
from a range of defined activities within the components of
the program) and difficulty level. This intervention model is
consistent with current clinical practice, which is characterized
by a multimodal approach (12). Moreover, this intervention
is based on the current best evidence demonstrating that
multimodal interventions produce larger improvements
in mobility outcomes in people with MS than unimodal
interventions (13).

Physical therapy was provided at our research facility or
clinical practice location two times per week for 6 weeks
(12 sessions). Each session included 40min of therapeutic
intervention, lasting approximately one hour in total. Using
theoretical frameworks for motor relearning, each session
comprised three specific components: (i) part-practice (10min),
(ii) whole-practice (20min), and (iii) contextual practice (10min)
to facilitate transfer to real world environments. Additionally,
home practice was encouraged but not tracked and relevant
patient education was provided.

Training activities were performed initially in closed
environments (quiet room) and progressed on an individual
basis to open environments (e.g., busy corridor area; background
conversations). An intervention catalog in the Manual of
Procedures listed the specific activities for each training
component as well as five prescribed levels of difficulty for
training progression. Therapists had autonomy in the selection
of activities to address individual-specific impairments and
customization of difficulty to ensure that a high degree of
challenge was maintained throughout. Exercise programs
that provide a high degree of challenge are consistently more
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effective than those providing only a moderate degree of
challenge (14). This personalized approach, while adhering
to the structured principles and components of this motor-
relearning intervention, was considered to maximize potential
for individual therapeutic gain while simultaneously ensuring
that the target intensity for each activity could be achieved.
Treatment fidelity was ensured by having all therapists undergo
a 3-h training in the intervention protocol, co-treating with the
first author for at least 3 sessions, providing a detailed Manual
of Procedures to guide clinical decision-making, and periodic
auditing of the intervention sessions and documentation. Three
therapists, including the first author, provided the intervention.

For part-practice, therapists selected activities that
targeted static and dynamic standing balance, lower extremity
coordination, functional strengthening, and single-step training
(e.g., swing and stance control). Intensity of part-practice was
documented as sets and repetitions of each activity, with the
goal to complete 2–3 sets of 12–15 repetitions of 2 different
activities in 10min. Whole-practice included activities that
involved continuous practice of gait. Whole-task practice was a
mixture of overground gait training and treadmill gait training
(no body weight support). Whole-task activities also included
narrow walking, side-stepping, backward walking, and speed
modulation. For treadmill walking, participants were encouraged
not to hold onto the handrail to maximize practice with full
weight bearing and to improve dynamic balance and confidence,
as well as maximize degree of challenge. Therapists provided
intermittent assistance at the trunk or lower limbs as needed to
facilitate balance and kinematics of limb movement. Emphasis
was on motor control, not aerobic training, although speed
was increased when possible. Intensity of whole-practice was
documented by continuous minutes and bouts of treadmill
walking, and sets and repetitions of overground practice
activities. If a session included overground practice only, then at
least 2 activities with 2 sets of 12–15 repetitions was performed
in 20 min.

Contextual transfer practice included obstacle negotiation,
stair climbing, stopping and turning, terrain/surface/lighting
changes, and outdoor walking. Contextual transfer practice
was an extension of whole-practice that applied key motor-
learning principles of task variability, progression, and challenge,
and was always conducted overground in the “real world”
(e.g., hallways, cafeteria, escalators, and outdoors pending
weather). Two contextual transfer activities were performed in
each session. Since these activities involved real-world practice
of continuous ambulation in various contexts, intensity of
contextual practice was measured by number and duration
of rests required to obtain 10min of practice. Dual-task
training was incorporated as part of the intervention (starting
in week 2 of the program, as appropriate) to increase the
challenge and provide task-specific practice of ecologically-
valid mobility tasks (e.g., talking while walking). During dual-
task training, participants performed cognitive tasks while
practicing gait and balance activities. Several different cognitive
activities were used with two different activities assigned to each
session to ensure all participants practiced a range of dual-
tasks (11).

As is customary in outpatient physical therapy, home-based
practice of the skills (part and/or whole) was asked of the
participants to enhance their ability to transfer and consolidate
learning to everyday mobility situations. It was assumed that
contextual transfer practice was occurring during everyday
mobility activity in the home and community environments.
Patient education included advice on stretching, fatigue/energy
management, and strategies for transitioning to ongoing home
and community practice after the completion of the 6-
week intervention.

Outcome Measures
The primary outcome was T25FW (timed using a handheld
stopwatch) after the physical therapy/combined intervention.
The T25FW was used primarily to enable direct comparison
with the dalfampridine clinical trials. We also measured self-
selected single-task and dual-task gait speed. For the dual-task,
participants walked at their self-selected speed while performing
the auditory “clock task” (15). Response time and accuracy
were recorded during walking (dual-task) and during seated
performance of the clock task (single-task). Gait data were
acquired using a 20-foot instrumented walkway (ProtoKinetics,
Havertown, PA). For both single-task and dual-task walking,
participants completed 4 continuous passes across the walkway
with turns performed off the walkway such that only steady state
strides were used in the analysis.

Secondary outcome measures were selected to explore
potential treatment effects on performance-based and patient-
reported measures of balance, cognition, and fatigue. These
included the Mini-BESTest, Four-Square Step Test, the Symbol-
Digit Modalities Test, and self-reported outcomes for walking
disability (12-Item MS Walking scale; MSWS-12), fatigue
(Fatigue Severity Scale), balance self-efficacy (Activities-specific
Balance Confidence scale), and quality of life (MS Impact
Scale, MSIS-29).

The outcome measures were administered at (i) initial
baseline, which was before dalfampridine was commenced in the
medication group (Week 0), (ii) after the 3-week run period,
which was the drug-only phase for the D+PT group and no-
treatment phase for the PT group (Week 3), (iii) after the 6-
week physical therapy intervention (Week 9), and (iv) 1-month
after completion of the 6-week intervention. Since only 5 of
the 8 participants were available to complete the follow-up
visit at their scheduled time, these data were omitted from the
statistical analyses. Outcome assessments were conducted by a
trained evaluator who was naïve to dalfampridine status of each
participant at each timepoint.

Data Analysis
The groups were compared at baseline using independent
samples t-tests or non-parametric tests as appropriate. Due
to the preliminary nature of this pilot study, we placed most
emphasis on the effect size comparison and confidence intervals
rather than statistical significance. Thus, the main analysis was
a between-group comparison of absolute change scores during
the physical therapy phase (i.e., change between Week 3 and
Week 9 for D+PT vs. PT). Effect sizes are reported as Cohen’s
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TABLE 1 | Demographic and baseline characteristics of participants in each group.

Participant Age

(years)

Sex Years since

diagnosis

Type of MS Falls in last

year

EDSS T25FW (s) STGS (m/s) DTGS (m/s) MSWS-12

(transformed

score)

Assistive

device

Dalfampridine plus physical therapy (n = 4)

D1 59 F 6 RRMS 1 3.0 6.61 0.96 0.98 91.7 None

D2 59 F 12 RRMS 7 6.5 8.36 0.60 0.74 72.9 Rollator

D3 42 F 4.3 RRMS 2 6.0 9.07 0.64 0.65 87.5 Cane

D4 38 F 2 SPMS 12 6.5 13.86 0.49 0.30 89.6 Quad cane

Mean/Median 49.5 6.1 4.5 6.3 9.47 0.67 0.67 85.4

(SD/IQR) (11.1) (4.3) (1.3–10.8) (3.8–6.5) (3.1) (0.20) (0.28) (8.5)

Physical therapy (n = 4)

P1 63 F 15.5 SPMS 1 4.5 6.36 1.09 0.95 47.9 None

P2 65 F 5.8 RRMS 1 3.0 6.27 1.07 1.19 50.0 None

P3 53 M 0.5 PPMS 3 6.0 12.84 0.54 0.41 83.3 Cane

P4 29 F 5 RRMS 2 6.0 6.0 0.98 0.72 54.2 Cane

Mean/Median 52.5 6.9 1.5 5.3 7.9 0.92 0.82 58.9

(SD/IQR) (16.5) (6.3) (1.0–2.8) (3.4–6.0) (3.3) (0.26) (0.33) (16.5)

F, female; IQR, interquartile range; M, male; PPMS, primary progressive MS; RRMS, relapsing-remitting MS; SD, standard deviation; SPMS, secondary progressive MS; T25FW, Timed

25-foot walk (seconds); STGS, single-task gait speed (meters per second); DTGS, dual-task gait speed (meters per second); MSWS-12, 12-Item MS Walking Scale.

TABLE 2 | Timed 25-foot walk test data by subject and group (faster times are better; negative percentages are improvement).

Participant Week 0 T25FW (s) Week 3 T25FW (s) Week9 T25FW (s) % change Week 0–3 % change Week 3–9 % change Week 0–9

Dalfampridine plus physical therapy (n = 4)

D1 6.61 6.14 5.24 −7.1% −14.7% −20.7%

D2 8.36 6.74 4.27 −19.4% −36.7% −48.9%

D3 9.07 7.36 6.19 −19.0% −15.9% −31.8%

D4 13.86 13.05 11.02 −5.8% −15.6% −20.5%

Mean 9.48 8.32 6.68 −12.8% −20.7% −30.5%

(SD) (3.10) (3.19) (3.00) (7.3%) (10.7%) (13.4%)

Physical therapy (n = 4)

P1 6.36 6.24 5.81 −1.9% −6.9% −8.7%

P2 6.27 6.08 4.88 −3.0% −19.8% −22.3%

P3 12.84 11.05 10.27 −13.9% −7.1% −20.0%

P4 6.00 4.74 4.30 −21.0% −9.4% −28.4%

Mean 7.87 7.03 6.31 −10.0% −10.8% −19.8%

(SD) (3.32) (2.76) (2.71) (9.2%) (6.1%) (8.3%)

d. Given the small and exploratory nature of the study, we also
observed individual response patterns in the primary outcome
measure, T25FW.

RESULTS

The characteristics of the participants are presented in Table 1.
At Week 0 (study enrollment), the two groups did not differ
significantly in age, disease duration, education, Symbol-Digit
Modalities Test, Mini-BESTest, Four Square Step Test, T25FW,
fatigue, self-selected gait speed, or dual-task gait speed. However,
the D+PT group, on average, was relatively more impaired than
the PT groups in most outcomes at baseline, largely driven by

one outlier with EDSS 6.5 (Table 1). The D+PT group had
significantly higher self-rated walking disability (p = 0.029) and
lower balance self-efficacy at Week 0 (p = 0.046), as well as
slightly higher median EDSS and a higher median number of
falls in the last 12 months, but these latter differences were not
statistically significant.

Timed 25-Foot Walk
The T25FW data are presented in Table 2. During the 3-
week drug-only run-in phase (Week 0-3), the D+PT group
decreased T25FW time from 9.5 s (SD 3.1 s) to 8.3 s (SD
3.2 s; p = 0.032, d = 1.89), which represented a 12.8%
improvement (95% CI 1.2 to 24.4%). During the no-treatment

Frontiers in Rehabilitation Sciences | www.frontiersin.org 4 January 2022 | Volume 2 | Article 79530644

https://www.frontiersin.org/journals/rehabilitation-sciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/rehabilitation-sciences#articles


Plummer et al. Dalfampridine and Physical Therapy

FIGURE 1 | (A) Single-task gait speed and (B) dual-task gait speed by group and time point. Week 0–3 represents dalfampridine only for D+PT group and

no-treatment phase for PT group. Week 3–9 represents the physical therapy phase with or without dalfampridine. D+PT denotes dalfampridine plus physical therapy;

PT denotes physical therapy without dalfampridine. Error bars are SEM.

phase (Week 0–3) for the PT group, T25FW also decreased
from 7.9 s (SD 3.3 s) to 7.0 s (SD 2.8 s, p = 0.133; d =

1.02), which represented a 10.0% improvement (95% CI
−4.6 to 24.5%); however, this appeared to be driven by
one outlier (see Table 2, P4) who walked 1.3 s faster at
the second baseline visit. With the outlier removed, the PT
group change during Week 0–3 was −6.3% (95% CI to 22.8
to 10.2%).

During the 6-week physical therapy intervention phase (Week
3–9), theD+PT group further decreased T25FW time to 6.7 s (SD
3.0 s; p = 0.021, d = 2.24), which represented a further 20.7%
improvement (95% CI 3.8 to 37.6%) for an overall Week 0–9
improvement of 30.5% (95% CI 9.2 to 51.8%). The PT group
further decreased T25FW time to 6.3 s (SD 2.7 s, p = 0.029, d
= 1.96), which represented a further 10.8% improvement (95%
CI 1.0 to 20.5%) for an overall Week 0–9 improvement of 19.8%
(95% CI 6.7 to 33.0%).

The between-group comparison of the absolute change in
T25FW time between Week 3 and Week 9 favored the D+PT
group but was not statistically significant (mean difference [MD]
= −0.93s, 95% CI −1.9 to 0.07s, p = 0.064, d = 1.6). The results
were similar when comparing the groups on percent change in
T25FW between Week 3 and Week 9: there was a nonsignificant
but large effect in favor of the D+PT group (MD= 9.9%, 95% CI
−5.1 to 24.9%, d= 1.1).

Among the 4 participants taking dalfampridine, none of the
participants achieved 25% improvement in T25FW on 3 weeks
of the drug alone, which was the average improvement observed
in dalfampridine clinical trial “responders” (3). After adding 6
weeks of physical therapy, all 4 participants taking dalfampridine
demonstrated T25FW improvements >20% from baseline, with
2 participants exceeding 30% improvement (Table 1). The
relative improvements in T25FW among the PT-only group in
response to the physical therapy intervention were generally
smaller, ranging from 6.9 to 19.8%.

Self-Selected Single and Dual-Task Gait

Speed
The improvement in self-selected single-task gait speed during
the physical therapy intervention phase (Week 3–9) favored the
D+PT group, but it was not statistically significant (MD = 0.12
m/s, 95% CI −0.01 to 0.24 m/s, p = 0.070, d = 1.56). There were
similar improvements in dual-task gait speed in both groups (MD
= 0.02 m/s, 95% CI −0.11 to 0.14 m/s, p = 0.747, d = 0.24),
illustrated in Figure 1.

There were no significant changes in dual-task effects on gait
speed or clock-task performance across time or between groups.
Dual-task performance was characterized by large between-
subject variability in both gait speed and the clock task.

Secondary Outcome Measures
The secondary outcome measures are presented in Table 3.
The between-group intervention effect sizes for the physical
therapy phase were moderate to large and favored the D+PT
group for balance (Mini-BESTest), self-rated walking disability
(MSWS-12), and balance self-efficacy (ABC), but only the
ABC was statistically significant. The D+PT group also had a
slightly greater improvement on the MSIS-29, but the between-
group effect size was small. The PT group had a significantly
greater improvement on the Symbol-Digit Modalities Test than
the D+PT group. The Four Square Step Test showed slight
worsening (increase in time) after the intervention in both
groups, but slightly more so in the D+PT group (small effect
size). There was no remarkable change in fatigue for either group
despite moderately severe fatigue at baseline.

DISCUSSION

The purpose of this pilot study was to demonstrate proof-
of-concept of combining physical therapy with prescription
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TABLE 3 | Mean (SD) for secondary outcome measures and between-group differences in change during physical therapy (PT) intervention phase (Week 3–9).

Dalfampridine + Physical therapy

(n = 4)

Physical therapy (n = 4) Between-group difference in

PT phase change (Week 9

minus Week 3) (D+PT

minus PT)

Week 0 Week 3 Week 9 Week 0 Week 3 Week 9 MD (95% CI) d

Mini-BESTest (max. 28) 13.5 (7.6) 15.8 (7.5) 19.8 (5.1) 21.8 (3.3) 22.0 (2.8) 22.5 (4.8) 3.5 (−7.2, 14.2) 0.68

Four-Square Step Test

(s)

20.3 (7.9) 17.2 (7.5) 19.4 (10.9) 15.9 (8.4) 13.6 (5.1) 14.2 (9.1) 1.6 (−5.2, 8.3) 0.41

SDMT (number correct) 47.8 (9.9) 50.8 (10.4) 49.8 (8.5) 50.8 (7.9) 50.5 (8.3) 55.5 (6.6) −6.0 (−10.1, −1.9) 2.55

MSWS-12 (0–100

transformed)

85.4 (8.5) 68.2 (18.3) 44.3 (10.0) 58.9 (16.5) 53.6 (17.9) 48.9 (23.5) −19.3 (−42.9, 25.8) 1.41

ABC (%) 47.0 (17.5) 45.2 (13.8) 66.7 (18.4) 73.8 (12.2) 69.4 (18.0) 76.4 (15.1) 14.5 (7.1, 22.0) 3.39

Fatigue Severity Scale

(max. 64)

55.0 (14.0) 45.5 (23.3) 43.3 (16.3) 40.8 (8.7) 45.8 (9.4) 43.0 (18.1) 0.5 (−14.3, 15.3) 0.06

MSIS-29 (max. 145) 91.0 (19.8) 74.8 (13.9) 67.0 (17.5) 70.8 (15.9) 69.5 (18.6) 70.5 (18.2) −8.8 (−43.3, 25.8) 0.44

ABC, Activities-specific Balance Confidence scale; MD, mean difference; MSIS-29, 29-Item Multiple-Sclerosis Impact Scale; MSWS-12, 12-Item Multiple Sclerosis Walking Scale; PT,

physical therapy; SDMT, Symbol-Digit Modalities Test.

dalfampridine to improve walking speed in people with MS.
The effects of dalfampridine (alone) on walking speed have been
well-established in several large clinical trials (1–3, 16, 17), but
the proportion of people who experience a meaningful response
to the drug is fewer than 40% (3). Physical therapy is the
other mainstream treatment approach for mobility limitations
in people with MS, but the effect of combining these two
interventions has not yet been systematically studied. The
physical therapy intervention represented an evidence-based
motor relearning approach that is consistent with outpatient
clinical practice. This rehabilitation approach, despite being
relatively conventional, is also not well studied in people with
MS and has unknown responder rates. Thus, the control group
in this study (PT only) provided preliminary effect estimates of
this rehabilitation approach.

While we found that both groups improved walking
speed in response to this physical therapy intervention,
the relative improvement was almost twice as large in the
group taking dalfampridine. Further, whereas none of the
individuals taking dalfampridine met Hobart’s criterion of
“responders” (≥20% improvement in T25FW) (18) in response
to dalfampridine alone, after 6-weeks of physical therapy
concurrently with dalfampridine, all participants achieved >20%
improvement from initial baseline. Thus, it is reasonable to
assert that combining physical therapy with dalfampridine
when the medication is first prescribed could improve the
responder rate well above the previously observed 38%. It is
surprising that physical therapy is not routinely prescribed
with dalfampridine. The LIBERATE Trial, a post-authorization
investigation of dalfampridine in a routine practice setting,
found that only 14% of individuals prescribed dalfampridine
received concurrent physical therapy (19). However, it is not
clear whether dalfampridine is a first-line treatment choice
by physicians for mobility impairments, or whether it is
prescribed when physical therapy has failed or is declined by
the patient.

The evidence for physical therapy in MS is presently limited
by small studies and highly variable treatment protocols.
Furthermore, rehabilitation research in MS has been dominated
by “exercise training,” mostly comprising aerobic and resistance
training (13, 20–23) and specialized, unimodal interventions
such as robotic-assisted gait training (8, 9, 24) and body-weight
supported treadmill training (5, 10, 25–27). There have been
only a handful of studies that have examined a pragmatic
intervention that is representative of physical therapy practice
for neurological rehabilitation (28–30). This pilot study has
demonstrated that the rigorous and progressive motor relearning
intervention customized to individual ability can produce
important improvements in patients with mild to moderate
mobility limitations.

The D+PT group had significantly greater improvement
in the MSWS-12, reflecting improved self-perceived walking
ability, with the average improvement during the PT period
alone being 23.9 points, far exceeding the minimally important
change of 10.4 points (31). The finding that the PT group
did not report meaningful improvement in self-rated walking
disability is likely due to starting with only moderate self-
perceived walking disability at baseline, compared to the very
high disability rating of the D+PT group. Further, the PT
group had mean T25FW under 8 s at baseline, thus creating
a potential ceiling effect. Nonetheless, 2 of the 4 participants
in the PT-only group had MSWS-12 improvements exceeding
10.4 points, while one of the fastest walkers at baseline reported
no change, and one participant reported 8.8 point decline.
Interestingly, the latter participant also reported increased fatigue
at Week 9, which may have influenced her walking disability
perception. It is also noteworthy that even though the D+PT
group were “non-responders” to dalfampridine (alone) using
Hobart’s criterion of ≥20% improvement on T25FW (18),
the average patient-perceived improvement on the MSWS-
12 during the drug-only run in was an astonishing 17.2
points. Thus, it may be necessary to also consider patient
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perception of improvement when defining responders, rather
than relying solely on objective measures of (fast) gait speed.
Indeed, it has been suggested that T25FW in combination
with MSWS-12 may be optimal for determining response to
dalfampridine (32).

It was unexpected that the PT group, on average, experienced
an improvement in T25FW time during the no-treatment
baseline phase. However, this change was largely driven by
one individual, the fastest walker at baseline, who walked 21%
faster at the second baseline visit. It is not uncommon to
observe small systematic increases in gait speed between multiple
baseline assessments in individuals with mobility disability (33),
which could be due to greater comfort level with testing
procedures and environment on repeat occasions. Importantly,
this magnitude of variation during the no-treatment phase
was not observed for self-selected gait speed in either single-
task or dual-task conditions. Thus, we believe the observed
effects on the T25FW during the no-treatment phase for the
PT group are likely due to the T25FW being a test of fastest
gait speed, which could be influenced by how the instructions
for the test were delivered or emphasized on each occasion, as
well as personal factors such as fatigue or motivation on any
given day.

The fact that dual-task gait speed improved equivalently in
both groups is quite encouraging. This finding suggests that our
physical therapy program was able to improve gait automaticity
regardless of dalfampridine treatment. We can infer improved
gait automaticity from the physical therapy intervention since
there was no reciprocal decline in the cognitive task performance
associated with the improvement in dual-task gait speed (34).
Although there was no between-group difference in change on
the Mini-BESTest scores (range 0–28, higher scores indicate
better balance), the D+PT group demonstrated an average
improvement during the D+PT phase of 4 points (and a 6.3 point
increase overall), which is considered clinically important (35).
The therapy-related change in the Mini-BESTest was smaller
and likely not meaningful in the PT group (<2 points on
average), but this could be due to a higher initial baseline score.
Perhaps more important to note is that the two most severely
impaired individuals (both in the D+PT group) with initial
Mini-BESTest scores of 6 and 11, respectively, each improved
by only one point on the drug alone, but by 7 and 12 points,
respectively, with PT. Whether gains this size among severely
impaired individuals could be achieved with this PT program
without concurrent dalfampridine treatment is unclear; there
were no participants in the PT group with equivalent balance
impairment at baseline. The Four Square Step Test showed
slight worsening after the intervention in both groups, but
we believe this could reflect greater caution as opposed to
worse balance, especially when considered alongside the Mini-
BESTest results.

There are several limitations that must be acknowledged.
Inarguably, the small sample size is a limitation. However, the
study achieved its purpose in demonstrating proof-of-concept
and obtaining effect size estimates for PT with and without
dalfampridine. Although our point estimates lack precision,
the group results (many of which were statistically significant)

together with visual analysis of the individual patterns and the
large effect sizes point to the value of further, larger investigations.
The between-group comparisons on walking speed outcomes
are limited by the non-randomized design. The non-randomized
design was necessary because the budget did not enable the
investigators to provide the medication as part of the study.
Consequently, the groups were not directly comparable on
disability at baseline. The tendency for higher disability in the
D+PT group is not surprising and may have contributed to
the reasons these individuals were prescribed dalfampridine
clinically. Future study designs wishing to examine therapeutic
efficacy in patients routinely prescribed dalfampridine should
endeavor to match control participants on disability level
at baseline or consider a randomized design with placebo
medication. Because we recruited patients who were prescribed
dalfampridine as part of their routine clinical care, we relied
on physician referral to the study, which posed some degree of
challenge for recruitment. Volunteers for the PT-only group self-
referred to the study via community advertisements. Matching
PT-only participants to the D+PT group would have further
delayed study enrollment. The physical therapy intervention
in this study was limited to 6 weeks (12 sessions), which
approximated the typical outpatient physical therapy practice
for patients with MS in our hospital system at the time of
the study. The study is lacking follow-up analysis. However,
the objective of this study was to assess immediate effects
of PT with and without dalfampridine on gait speed and
related outcomes, to assess whether future investigations would
be worthwhile.

CONCLUSION

The findings from this proof-of-concept pilot study
provide promising new evidence that physical therapy
that adheres to motor relearning principles and the
challenge framework, provided concurrently with
dalfampridine, may offer potential benefit to patients
with MS who fail to achieve meaningful improvement
after treatment with dalfampridine alone. Dalfampridine
combined with physical therapy is worthy of further,
controlled investigation.
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Sciences, University of Edinburgh, Edinburgh, United Kingdom, 3 Institute of Mental Health, University of Nottingham,

Nottingham, United Kingdom

Background and Objectives: Cognitive and emotional changes affect the majority of

individuals with acquired brain injury (ABI) and are associated with poorer outcomes. The

evidence for “siloed” rehabilitation approaches targeting cognition and mood separately

remains mixed. Valued living (i.e., acting consistently with personal values) is associated

with better psychological functioning and participation in work and other productive

activities. Rehabilitation interventions that concurrently address cognitive and emotional

barriers to valued living may therefore result in improved outcomes. VaLiANT (Valued

Living After Neurological Trauma) is an 8-week group intervention developed by our team,

which uniquely combines cognitive rehabilitation and psychological therapy to improve

wellbeing and meaningful participation (i.e., valued living) following ABI.

Method: This protocol describes the design and implementation of a Phase II

parallel-group randomized controlled trial with blinded outcome assessors, to evaluate

the potential efficacy of VaLiANT and the feasibility of a Phase III trial. Participants

are adults with a history of ABI at least 3 months prior to study entry, who

experience cognitive and/or emotional difficulties and associated reduced participation

in valued activities. Random allocation to the treatment condition (8-week VaLiANT

group program) or a usual care waitlist control condition occurs at a 2:1 treatment:

control ratio. The primary outcome is wellbeing, measured by the Warwick-Edinburgh

Mental Wellbeing Scale. Secondary outcomes include measures of valued living, mood,

cognitive complaints, quality of life, community participation, post-traumatic growth, and

self-efficacy. All measures are collected across three time points by blinded assessors

(baseline, 8-week follow-up, 16-week follow-up). Trial feasibility will be evaluated against

recruitment rates, drop-out rates, intervention acceptability, and treatment fidelity (manual

adherence and therapist competence).
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Discussion: This trial will extend current knowledge on how to improve long-term

outcomes following ABI by evaluating an innovative integrated, multi-domain approach

to rehabilitation concurrently addressing cognitive and emotional barriers to participation

in meaningful life roles.

Keywords: cognitive rehabilitation, psychological therapy, acquired brain injury, valued living, Acceptance and

Commitment Therapy, holistic rehabilitation, combined interventions

INTRODUCTION

Acquired brain injuries (ABIs) such as stroke and traumatic
brain injury (TBI) frequently result in cognitive and emotional
changes. Estimates suggest that over half of those with a TBI

or stroke experience long-term cognitive impairment, especially
in the domains of attention, memory, and executive functions

(1, 2). Similarly, clinically significant levels of depression and
anxiety affect one-third of stroke and half of TBI survivors (3–
5) and rates of suicide following ABI are notably higher (6).

These cognitive and emotional difficulties are interrelated and
highly comorbid after ABI (7), with higher mood symptoms
predicting increased cognitive complaints (8), and increased
cognitive complaints predicting higher mood disturbance (9).
Cognitive and emotional sequelae are frequently highlighted as
areas of long-term unmet need by people with ABI, indicating
that they are notmanaged adequately by existing services (10, 11).

Importantly, cognitive impairment and mood disturbance
are associated with poor long-term outcomes following ABI.
Cognitive impairment predicts reduced independence in
activities of daily living (ADLs), reduced participation in
meaningful life activities, and poorer overall quality of life (12–
15). Furthermore, cognitive impairment is a stronger predictor
of negative outcomes and overall disability at 5–10 years post-
ABI than the initial injury severity (16, 17). Mood symptoms
also predict reduced independence in ADLs, participation in
meaningful life activities (18–21), and poorer quality of life
(22, 23). As such, cognitive impairment and mood disturbance
act as significant barriers to adjustment and recovery from ABI,
highlighting the need for evidence-based interventions that
address these difficulties.

Current treatment approaches typically remain domain-
specific and target cognitive impairment or mood symptoms
in isolation, with a limited focus beyond the impairment level
(24). Evidence for these approaches remains inconclusive, with
studies demonstrating variable efficacy and limited generalization
to broader outcomes. For example, memory interventions
tend to result in moderate improvements to both subjective
and objective memory performance following ABI (25) but
provide mixed findings regarding improvement in long-term
functional outcomes and quality of life (26–28). Interventions
targeting attention deficits have resulted in limited improvement
to attention immediately following interventions with no
generalization to other long-term outcomes (29). Cognitive
Behavioral Therapy (CBT) can improve depressive and anxiety
symptoms and some functional outcomes following stroke
(30) but these effects have not been consistently found after

TBI (31), although adapted CBT that incorporated cognitive
compensatory strategies including follow-up booster sessions has
shown promise for treating anxiety and depression following
TBI (32) with associated improvements in psychosocial outcomes
(daily functioning, work, relationships, leisure). Therefore,
existing “siloed” treatment approaches do not consistently
demonstrate improvements to mood or cognition and positive
intervention effects do not consistently translate into improved
long-term outcomes such as quality of life or participation in
meaningful activities.

It then follows that cognitive rehabilitation and psychological
therapy techniques may need to be integrated to holistically
improve outcomes beyond the impairment level by concurrently
targeting cognitive and emotional barriers to activity and
participation in meaningful life roles, wellbeing, and quality of
life (33, 34). There is a growing body of evidence suggesting
that integrated rehabilitation interventions that combine both
psychological and cognitive elements into broader frameworks
lead to improvements in psychological distress, meaningful
participation, and quality of life, with stable or ongoing
improvement up to 3 years following treatment (35, 36).
Randomized controlled trial (RCT) level evidence has also
suggested that such approaches are more effective at improving
outcomes than standard neurorehabilitation and traditional
neuropsychological intervention (37, 38). Patients have described
experiencing holistic neurorehabilitation as empowering and
beneficial for everyday functioning (39). However, several
challenges continue to limit the implementation of such
interventions including a lack of funding, resources, or other
systemic factors (34). The aforementioned interventions were all
lengthy with a high frequency of sessions [e.g., 15 h per week
over 16 weeks; (37)] which may not be easily implemented
or appropriate for all health-care systems. Further research is
needed to determine whether the positive effects of integrated,
holistic interventions can be replicated when the length of
intervention is briefer, which may be more cost-effective and
more readily implemented into existing services.

Valued living refers to the extent to which we engage in
behaviors that are consistent with our personal values, and it
has gained growing attention as an important outcome post-ABI.
Higher levels of valued living have been linked with improved
wellbeing, quality of life, better psychosocial functioning, and
lower psychological distress in both ABI (40, 41) and other
chronic health condition populations (42–44). Valued living has
been directly related to the level of acceptance and adjustment
toward one’s ABI (45). However, valued living often remains
reduced for a number of years following brain injury (40).
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Rehabilitation interventions that target valued living may result
in improved outcomes. Acceptance and Commitment Therapy
(ACT) is an evidence-based psychological therapy that directly
targets valued living, with growing evidence supporting its use
to improve mood symptoms and psychological distress in TBI
(46–49), stroke (50–52) and other neurological conditions (53,
54). However, none of these studies have specifically aimed
to address cognitive impairment, and all have demonstrated
limited impact beyond the level of mood disturbance and
psychological distress.

A holistic and integrated intervention that targets both
cognitive and emotional barriers to valued living may result in
more consistent improvements to impairments (e.g., cognitive
complaints or mood symptoms) while also leading to more
global improvements in meaningful participation, wellbeing,
and quality of life. Valued Living After Neurological Trauma
(VaLiANT) is a new 8-week group intervention that aims to
enhance adjustment to life with ABI by combining cognitive
rehabilitation and psychological therapy using ACT principles.
A Phase I study has been completed using a single case
experimental design repeated across eight participants (55).
This study demonstrated reliable improvements to a broad
range of outcomes for the majority of participants, including
overall wellbeing, anxiety symptoms, and subjective cognitive
complaints. The delivery of the intervention was deemed feasible
and participant acceptability ratings of the intervention were
high. These Phase I findings suggested that VaLiANT may
have utility in improving outcomes following ABI and warrants
further investigation of the intervention.

Here, we report the protocol for our Phase II RCT evaluating
VaLiANT, which aims to:

1. Compare the impact of VaLiANT against treatment-as-usual
waitlist control on a range of adjustment-related outcomes
including at the levels of impairment, activity, participation,
and overall wellbeing and quality of life. This will identify
signals of efficacy and determine parameter estimates for a
definitive Phase III trial.

2. Investigate the feasibility of the trial design, including
recruitment rate, retention rate, success of blinding the
outcome assessor under RCT conditions, and exploring the
fidelity of delivering the intervention.

METHOD

Ethics
This study has been approved by the La Trobe University
Human Research Ethics Committee (HEC #18423) and has
been registered in the Australian New Zealand Clinical Trials
Registry (ACTRN12619001243101). Protocol amendments have
been submitted to both bodies following methodological changes
due to the impact of COVID-19. Written informed consent will
be obtained from all participants.

Study Design
This Phase II pilot study is a prospectively registered single center,
two-arm, assessor-blinded, parallel groups RCT, comparing

outcomes of the 8-week VaLiANT group intervention with
treatment-as-usual waitlist control. Outcome measures are
collected at baseline (T1), at an 8-week follow-up (T2), and
at a 16-week follow-up from baseline (T3). An overview of
the study procedure is summarized in Figure 1. This protocol
was developed in accordance with the Standard Protocol Items:
Recommendations for Interventional Trials (SPIRIT) guidelines
(56). Methodological modifications made due to the impact of
COVID-19 have been reported in line with SPIRIT Extension
for RCTs Revised in Extenuating Circumstances (CONSERVE-
SPIRIT) guidelines (57) throughout the text and summarized in a
separate paragraph. Themethodological quality of the trial will be
evaluated using the Physiotherapy Evidence Database – Psycbite
(PEDro-P) scale upon completion of the trial (58).

Participants and Recruitment Process
This study is conducted at La Trobe Psychology Clinic
(Melbourne, Australia); a psychology clinic at La Trobe
University that also serves as a training clinic for postgraduate
psychology students. Community-dwelling participants are
identified either through self-referral or referral from a health
professional. Recruitment methods include distribution of
specific advertisement material (including flyers and weblinks)
through local email listservs for clinicians/researchers who work
with ABI (e.g., NPinOz, BRAINSPaN), local health services,
practitioner networks, the Australian Stroke Clinical Registry
(AuSCR), and relevant online portals for individuals living with
ABI such as EnableMe (Stroke Foundation). Participants are
required to be at least 3-months post-ABI (including stroke,
TBI, brain tumor, hypoxic brain injury, and multiple sclerosis)
before enrolment in the study; be 18 years of age or over; have
reported cognitive and/or emotional difficulties (identified by
self, close other and/or clinician in initial screening); and be able
to attend the group program in person at La Trobe University
Psychology Clinic or via telehealth during periods of COVID-
19 related restriction. Exclusion criteria include pre-existing
intellectual disability, severe psychiatric disorder, comorbid
neurodegenerative condition, and insufficient cognitive and/or
language abilities to complete outcome measures or participate
in the intervention. Participant eligibility is determined via
telephone screening conducted by the project coordinator (a
trainee clinical neuropsychologist) prior to enrolment into
the study.

Intervention
The VaLiANT program is a manualized group intervention
that concurrently targets cognition and emotion by integrating
cognitive rehabilitation and ACT techniques to improve
engagement in valued activities following ABI. The program
consists of eight 2-h group sessions delivered either in-person
or via telehealth during periods of COVID-19 restrictions,
with group sizes ranging from three to eight participants. The
intervention was developed by the authors, drawing on their
clinical and research expertise, however evidence-based ACT and
cognitive rehabilitation techniques and materials were adapted
from existing manualized treatments to supplement the new
content (46, 59–62). Group delivery was chosen due to a number
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FIGURE 1 | Study flow diagram. VaLiANT, Valued Living After Neurological Trauma.

of factors: 1) the cost-effectiveness compared to individual
treatment, 2) the additional benefit of group discussion and
the sharing of ideas for particular topics e.g., strategies to
manage particular difficulties following ABI, and 3) to address
social isolation and provide access to other individuals with
shared experience. A number of small revisions were made
to the manual and treatment delivery following completion of
the Phase I study (55): 1) additional scaffolding was added
in Session 2 to assist participants with linking their values to
behavior, 2) a mindfulness exercise was included in every session
(previously was in most but not all sessions), and 3) email
reminders for the homework activities were sent to participants
at the end of each calendar week. The treatment manual and
resources will be published following completion of the trial. For

more information on the intervention content and additional
modifications made due to COVID-19, please see Tables 1, 2.

Measures
The Warwick-Edinburgh Mental Wellbeing Scale (WEMWBS)
was selected as the primary outcome measure as it captures the
broader adjustment and quality of life outcomes that VaLiANT
targets, and the majority of participants displayed reliable and
clinically significant improvements on the measure during the
Phase I evaluation of VaLiANT (55). The WEMWBS is a 14-item
questionnaire that measures the frequency of positive mental
health and wellbeing over the previous 2 weeks (64). Items
such as “I’ve been feeling optimistic about the future” are rated
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TABLE 1 | TIDieR checklist describing the Valued Living After Neurological Trauma intervention and telehealth modifications.

Item Telehealth modification

1. Name

Valued Living After Neurological Trauma (VaLiANT)

2. Why

Existing interventions that target cognition and mood separately have displayed variable

effectiveness and limited generalizability to broader outcomes (e.g., participation and quality of life)

which may relate to the lack of integration between cognition and emotional symptoms. Valued living

has been associated with better functional and psychosocial outcomes and has been identified as a

potential treatment target following brain injury. VaLiANT utilizes a combined therapeutic approach

that targets both cognitive impairment and mood disturbance with an overall focus on improving

valued living. This represents a novel approach to improving outcomes post brain-injury.

3. What (materials)

Treatment manual: Each therapist delivering the intervention has access to a treatment manual

outlining the treatment objectives, content to be covered each week, participant handouts and

materials, and homework activities. The manual provides detailed instructions on how to cover each

treatment component or activity, including suggested wording or phrasing, and prompts for

enhancing or directing discussions.

Participant worksheets and handouts: Each week participants receive a hard-copy package of

psychoeducational handouts, recordings of mindfulness activities, and worksheets that are

completed during the session or between sessions.

During periods of telehealth delivery, these materials are

provided electronically using either cloud-sharing or via email.

PowerPoint slides: Each session is supported by PowerPoint slides displayed on an electronic

overhead projector. Participants receive printed copies of the PowerPoint slides with space to take

written notes during sessions.

During periods of telehealth delivery these are provided

electronically using either cloud-sharing or via email.

Values cards: Hard-copy values cards specifically designed for the intervention are provided to

participants within session for values card-sorting activities.

During periods of telehealth delivery, the values cards and

associated activities are accessed via a custom-made

electronic application hosted on a cloud platform (http://

www.heroku.com).

Sultanas: Sultanas are provided to participants within session for a mindful eating exercise in

Session 3.

Participants are instructed to bring a dried fruit or similar

substitute to the relevant session. This is included as part of

their homework from the previous week and an email

reminder is sent prior to the session.

Materials for passengers on the bus exercise: Post it notes and values cards are used for an in-vivo

passengers on the bus exercise.

The materials are substituted for extra PowerPoint slides.

Whiteboard: A whiteboard is used within multiple sessions for group discussion and brainstorming

activities.

The electronic whiteboard function on Zoom is used instead.

Pens: Participants are provided with pens to take written notes during sessions Pens are not provided during telehealth delivery.

Computer/tablet and internet: Not applicable Participants are required to have their own computer or tablet

device with a webcam and stable internet connection.

4. What (procedures)

Every week of the VaLiANT program focusses on a different value domain (e.g., health,

work/productive activities, leisure, relationships). Each session begins with a review of the previous

week’s homework. Following this, participants explore and identify their important values in that

week’s value domain (via the card-sort activity) and select one value to focus on over the following

week. Participants then generate SMART (specific, measurable, achievable, relevant to the value,

and time-bound) goals or “committed actions” that are consistent with the chosen value and can be

done over the coming week. This process is supported by the group facilitators. The remainder of

each session focusses on facilitating implementation of committed actions. Psychoeducation and

various activities are used to teach cognitive compensatory strategies and ACT techniques such as

mindfulness, including in-session practice of those strategies. With further support from facilitators,

participants identify potential cognitive or emotional barriers to their committed actions (e.g.,

forgetfulness or low motivation) and select appropriate strategies to enable valued living. Most

activities involve group discussion to encourage reflection and exchange of ideas amongst

participants. Weekly homework activities include completing the selected committed actions and

other tasks that aim to increase implementation of taught strategies into everyday life. Further

information on the content of each session can be found in Table 2 and the published outline of the

treatment manual [(55); supplemental material].

(Continued)
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TABLE 1 | Continued

Item Telehealth modification

5. Who Provided

The VaLiANT intervention is facilitated by a senior Clinical Neuropsychologist experienced in working

with individuals with ABI and expertise in delivering group-based interventions, cognitive

rehabilitation, and ACT. An additional two clinicians assist with facilitation of each group. These are

primarily trainee psychologists assisting with the delivery of 1 – 2 groups as part of their

postgraduate clinical neuropsychology or clinical psychology training. The assisting clinicians are

provided with prior training and supervision by the senior facilitator including didactic instruction and

observational learning by watching recordings of previous sessions. Quality of intervention delivery

and group facilitation skills are monitored during each session by the senior facilitator, and feedback

provided during supervision which occurs after every session.

6. How

The VaLiANT intervention is intended to be delivered in-person on a weekly basis in a group

environment (ranging from 3 to 8 group members).

Following the onset of the COVID-19 pandemic, the

intervention was redeveloped to be deliverable via telehealth

using videoconferencing (Zoom).

7. Where

In-person delivery of the intervention occurs at the La Trobe University Psychology Clinic

(Melbourne, Australia).

Telehealth delivery of the intervention occurs in participants’

homes, with facilitators either at the university or in their

homes.

8. When and How much

The intervention involves eight sessions that run weekly, for 2 h, over a period of 8–9 weeks

(depending on breaks for public holidays).

9. Tailoring

The treatment manual is intended to be a flexible guide, whereby content can be tailored as long as

key session objectives are met and key session components are delivered. For example, specific

strategies for addressing cognitive and emotional barriers can be more strongly emphasized if

several participants identify similar barriers (e.g., motivation) or only briefly covered if less relevant

(e.g., word-finding strategies). There are other specific opportunities for tailoring of the intervention

in particular sessions (e.g., additional “optional” activities to further explore core concepts) if the

core content has been covered adequately with time remaining. This additional content is not

required to cover the main concepts but allows some tailoring of the intervention depending on the

abilities and preferences of group participants.

10. Modifications Telehealth adaptations included the development of an online

program to present the values card sort task and associated

weekly worksheet while also allowing facilitators to see what

participants were doing in real time during these activities.

This was essential to allow facilitators to support participants

in generating committed actions in line with their chosen

values. Due to the likelihood of technical difficulties and

participants requiring additional assistance with the online

tasks, the time allocated to some activities (e.g., identification

of barriers) was reduced to allow more time for core

components (e.g., strategies) to ensure that the key concepts

were covered. Some strategies that are potentially not

relevant for every participant (e.g., activity scheduling) were

moved to “optional” discussions that are only covered if

participants identify particular problems. Some activities were

also modified slightly to allow for completion online e.g., a

group experiential ACT exercise (“Passengers on the Bus”)

which involves participants moving around the room became

more discussion based.

11. How well (planned)

All VaLiANT sessions are video recorded. To measure treatment fidelity, a random selection of at

least 10% of the video-recorded intervention sessions will be assessed by an independent

researcher trained in cognitive rehabilitation, Acceptance and Commitment Therapy and group

interventions. They will evaluate whether clinicians were able to meet the session objectives and

cover the prescribed content using a checklist based on the manual for each session (i.e., treatment

adherence), as well as the clinicians’ competence in group facilitation (i.e., therapist competence).

(Continued)
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TABLE 1 | Continued

Item Telehealth modification

Competency in group facilitation skills is assessed using the eNACT group facilitation competency

checklist, a 4-point likert scale which measures the quality of the therapist’s group facilitation across

16 skills from 0 = “skill not observed despite opportunity,” to 3 = “observed – done well” (63). An

additional item was added to the checklist to assess whether facilitators had delivered the

intervention in an ACT-consistent manner (“Therapist demonstrates psychological flexibility in

interactions with participants i.e., shows openness, flexible self-awareness and engages in their

own valued actions, even when difficult topics arise in the group”).

Item 12 [how well (actual): if intervention adherence or fidelity was assessed, describe the extent to which the intervention was delivered as planned] cannot be fully described until study

completion and has been omitted.

on a 5-point Likert scale with higher scores indicating greater
wellbeing (total score range 14–70). The scale demonstrates
good internal consistency (0.91), test-retest reliability (0.83),
and criterion validity (64) and has been used in a previous
ABI RCT (51).

The Valued Living Questionnaire – Comprehension Support
version (VLQ-CS1) was developed by members of the research
team as an adaptation of the original VLQ, following evidence
that multiple comprehension errors were made by people
with ABI on the original measure2. The VLQ-CS is designed
to suit to the needs of individuals with cognitive and/or
communication difficulties, and includes visual communication
supports, simplified instructions and examples of value-
consistent behaviors to aid understanding. Ten value domains
(e.g., family, work) are rated for importance on a 10-point
scale (higher scores = higher importance). For domains with
an importance rating ≥5, the extent to which time spent on
value-consistent behaviors in that domain over the last week
was “ideal” is then rated on a 10-point “consistency” scale
(higher scores = more ideal). A composite score is derived by
calculating the mean of the products of the importance and
consistency scores. The VLQ-CS has been validated for use
with ABI with greater test-retest reliability than the original
measure1.

Mood is assessed with the Hospital Anxiety and Depression
Scale [HADS; (65)] and the Depression Anxiety Stress Scales
[DASS-21; (66)]. The inclusion of both measures was based
on previous research in brain injury which indicated that the
HADS-A is more sensitive to clinically relevant symptoms of
anxiety while the DASS-D is more sensitive to clinically relevant
symptoms of depression (67).

All other sample characterization measures and secondary
outcome measures are summarized in Table 3.

Feasibility and Acceptability Measures
Feasibility of the trial design will be assessed against the
following criteria: 1) recruitment of the minimum number
of participants required to run quarterly groups throughout

1WongD,Miller H, Lawson D, Borschmann K, Sathananthan N, Kamberis N, et al.

Development and validation of the Valued Living Questionnaire - Comprehension

Support Version (in preparation).
2Miller H, Lawson D, Power E, das Nair R, Sathananthan N, Wong D. How do

people with acquired brain injury interpret the Valued Living Questionnaire? A

cognitive interviewing study (under review).

the study period (minimum of 3 participants per group);
2) acceptable participant drop-out rates in intervention and
control conditions (<20%); 3) adequate outcome assessment
completion rates (≥80%); and 4) successful blinding of outcome
assessors (≥90%). Consistent with the Phase I study (55),
feasibility of the intervention will be assessed against: 1) group
attendance rates (≥80% overall participant attendance); 2)
and homework completion rates (≥50% completion rate for
participants in attendance for each session). Acceptability of the
intervention is measured by asking participants to rate their
level of confidence in recommending the VaLiANT program
to a friend who experiences similar problems (1 = “Not
at all confident,” 9 = “Very confident”). The intervention
will be deemed “acceptable” if the mean rating is ≥80%
(i.e., ≥7.2/9).

Randomization and Blinding
Randomization is performed by a researcher independent
from the study using an online generator known as Research
Randomizer (https://www.randomizer.org). Eligible participants
are randomly assigned to the intervention condition or
control condition with an allocation ratio of 2:1 (Intervention:
Control). This allocation ratio was selected to optimize
recruitment rates and maximize the number of people
experiencing the intervention to allow for exploration of
treatment dimensions and predictors of outcome (84, 85).
Randomly permuted block sizes of 3, 6, or 9 are used to ensure
a balanced allocation ratio. Group allocation is concealed,
either in sequentially numbered sealed opaque envelopes
(pre-COVID) or electronically via sequentially numbered
word-documents uploaded to a protected cloud-sharing
platform (post-COVID), which are opened at the end of the
baseline (T1) assessment. The outcome assessors at T2 and
T3 are research assistants blinded to condition allocation.
Participants are reminded to not disclose their allocation
during assessments, and all instances of unblinding are
recorded. If unblinding occurs during a T2 assessment, then a
different blinded research assistant conducts that participant’s
T3 assessment.

Procedure
The VaLiANT group is planned to run quarterly with an
associated participant intake period prior to commencement
of each group. Potential participants undergo screening
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TABLE 2 | Overview of Valued Living after Neurological Trauma (VaLiANT).

Session Content

1 Introduction to the program

Overview of the program, intervention aims, and main components

Establishment of group rules and group facilitator role

Getting to know each other and sharing of stories

Introduction to values, valued living

Values card sort exercise

Passengers on the bus exercise

Mindfulness breathing exercise

Introduction to committed actions and experiential avoidance

Homework– self-monitoring form and name association task

2 Being Healthy—Sleep and fatigue management

Introduction to “being healthy” module

Values card sort exercise

Discussion on four pillars of health

Sleep and fatigue psychoeducation and strategies

Mindfulness body scan exercise

Experiential avoidance discussion (optional)

Identification of committed actions and barriers

Introduction to S.M.A.R.T goals

Introduction to and completion of the “way to valued living worksheet”

Homework—rest break scheduling and completing committed actions

3 Being Healthy – Diet and exercise management

Review of values selected in previous session

Way to valued living worksheet

Diet and exercise psychoeducation

Exploration of barriers

Passengers on the bus exercise

Mindful eating exercise

Identification of committed actions

Strategies for planning, memory, pacing, and motivation

Activity scheduling exercise

Homework—mindful eating and completing committed actions

4 Having a Purpose—Work, study, or participation in

the community

Overview to “having a purpose” module

Values card sort exercise

Identification of committed actions

Identification of barriers

Mindfulness self-compassion exercise

Strategies for prospective memory and completing complex tasks

Homework—prospective memory task and completing

committed actions

5 Having a Purpose—Leisure activities

Introduction to leisure exercise

Psychoeducation on mood and the importance of leisure

Values card sort task

Exploration of leisure activities

Identification of committed actions

Mindfulness of the senses exercise

Barriers to leisure exploration & associated strategies

Homework—leisure activity schedule and completing

committed actions

6 Connecting with Others—Relationships part I

Overview of “relationships module”

Values card sort task

Identification of strengths in relationships

Identification of committed actions

Barriers exploration Mindfulness S.T.O.P exercise

Strategies for cognitive communication difficulties

Homework—planning a difficult conversation and completing

committed actions

(Continued)

TABLE 2 | Continued

Session Content

7 Connecting with Others—Relationships part II

(friends/family session)

Friends/family members (1st h)

Introduction to VaLiANT

Introduction to values and valued living

Values card sort exercise

Introduction to barriers and communication changes following

brain injury

Managing difficult emotions exercise

Participants (1st h)

Reflection on relationships and values they would like to bring

Identification of committed actions

Addressing social barriers

Passengers on the bus exercise

All together (2nd h)

Mindfulness S.T.O.P exercise

Strategies to support communication of abilities and needs

Open communication discussion

Homework – have an open conversation and completing

committed actions

8 Review and future directions—Tying it all together

Review of values, committed actions, strengths, and barriers identified

in previous sessions

Re-identification of helpful strategies from previous sessions

Mindfulness S.T.O.P exercise

Post-traumatic growth discussion (optional)

Future support options Conclusion

Each session begins with a review of the previous session’s content and homework tasks

(excluding Session 1). In session 7 participants have the ability to bring a family member or

friend who complete separate activities for the 1st h, before joining participants to practice

communication strategies in the 2nd h.

to ensure eligibility before informed consent is obtained.
For each intake, all eligible participants attend an initial
baseline assessment (T1) which includes all baseline sample
characterization measures and primary and secondary
outcome measures. Randomization occurs immediately
following the T1 assessment. In addition to their usual
care, participants in the treatment condition then attend
the 8-week VaLiANT group program at the La Trobe
University Psychology Clinic, or via telehealth (Zoom
videoconferencing) during periods of COVID-19 restrictions,
while control participants undergo treatment-as-usual (i.e.,
their usual care). Participation in other treatment during
the trial is documented, including the frequency and type
of treatment. VaLiANT group sessions are facilitated by an
experienced clinical neuropsychologist with assistance from
two trainee psychologists. All sessions are video-recorded.
Outcome assessments occur within 1–2 weeks following the
intervention/waiting period (T2), and at an 8-week follow-up
(T3). All assessments take roughly 90min and are administered
by assessors blinded to condition allocation. Assessments are
conducted at the La Trobe University Psychology Clinic or
in participants’ homes if preferable. During periods where
COVID-19 restrictions apply, assessments are conducted over
Zoom videoconferencing.
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TABLE 3 | Timing of outcome measures.

Outcome domain Measure T1 T2 T3

Sample characterization

Premorbid intellectual ability Test of Premorbid Functioning (68) X

Verbal memory Rey Auditory Verbal Learning Test (69) X

Cognitive flexibility* Trail Making Test—written (70) and oral (71) versions X

Idea generation Controlled Oral Word Association Test (72) X

Treatment expectancy The Credibility/Expectancy Questionnaire (73) X

Primary outcome

Wellbeing The Warwick-Edinburgh Mental Wellbeing Scale (64) X X X

Secondary outcomes

Mood Hospital Anxiety and Depression Scale (65) X X X

Depression Anxiety Stress Scales – 21 (66) X X X

Valued living** Valued Living Questionnaire – original (74) and comprehension support1 version X X X

Valuing Questionnaire (44) X X X

Psychological flexibility The Acceptance and Action Questionnaire after brain injury (75) X X X

Quality of life** World Health Organization Quality of Life scale (76) X X X

Psychological adjustment** The Head Injury Semantic Differential Scale – III (77) X X X

Community participation** The Community Integration Questionnaire – original (78) and revised (79) versions X X X

Post-traumatic growth The Changes in Outlook Questionnaire – Short form (80) X X X

Cognitive strategy use Self-report strategy use checklist (81) X X X

Subjective memory functioning The Everyday Memory Questionnaire – Revised (82) X X X

Self-Efficacy The TBI Self-Efficacy Scale (83) X X X

T1, baseline assessment; T2, 8-week follow-up assessment; T3, 16-week follow-up assessment. *Indicates measures that were adapted to be deliverable via telehealth. **Indicates

measures that were included or adapted following trial commencement.

Data Management
During the trial, hard copy information is stored at La
Trobe Psychology Clinic in a locked cabinet while electronic
information is stored on secure electronic databases, accessible
only by the project coordinator, chief investigator, and research
assistants. Prior to data analysis, all values will be checked for
plausibility. Data will be retained for 7 years after completion
of the project and then destroyed by securely deleting electronic
records (including video and audio recordings) and shredding all
paper records.

Sample Size Calculation
A power analysis was conducted using 5,000 simulations within
the SimR package for R (86) to determine if the maximum
possible sample size during the data collection period (N = 64)
was sufficient for the statistical analyses. A previous evaluation
of an ACT-based intervention following stroke reached a
moderate group-by-time effect (η2 = 0.07) on the Warwick
and Edinburgh Mental Wellbeing Scale (51). Accordingly, a
minimum sample of 52 participants is required to achieve
statistical power for a linear mixed-effect model with a 2 (group)
x 3 (time) design (80% power, α = 0.05). Allowing for an
attrition rate of 10%, an N of 58 is adequate to perform the
primary analyses.

Statistical Analysis
Main analyses will follow an intention-to-treat approach.
Little’s missing completely at random (MCAR) analysis will be
conducted to determine if data are MCAR (87). If <5% of data

is MCAR, the appropriate data imputation technique will be
employed to deal withmissing values [likelyMarkov chainMonte
Carlo method; (88)]. Univariate outliers (z +/− 1.96 SD) will
be adjusted using a winsorising solution (89). Univariate checks
of normality (skewness > +/− 2.58 SD) will be conducted,
and variables that violate the criterion will be corrected to
normal using appropriate data transformation (90). Primary and
secondary outcomes will be analyzed with linear mixed models,
with fixed effects of time and group, and participants modeled as
random effects. The estimated marginal means from the model
will be used to calculate effect sizes (Cohen’s d) to illustrate
change in both between group and timepoint contrasts. The
results of the fixed effects estimates for the main effects and
interaction terms will be presented as standardized B values
and all analyses will use a two-sided alpha level of 0.05. These
analyses will be conducted using JASP (91). Finally, as an adjunct
to the linear mixed models, the Crawford and Howell measure
of reliable change (92), which is suitable for serial testing, will
be calculated for the primary outcome (93). The proportion
of participants achieving reliable change in each group at both
time-points will then be compared with 2 × 2 Chi square tests
of independence.

Protocol Amendments Due to COVID-19
The COVID-19 pandemic has resulted in a number of essential
methodological changes to the original study protocol. The
trial commenced in August 2019, and then in March 2020
it was paused for 6-months after the onset of the pandemic,
given that restrictions prevented in-person assessments and
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intervention delivery. To allow the trial to continue, the
research team redeveloped the study protocol for telehealth
delivery on Zoom. To allow for outcome assessments to be
conducted via telehealth, data collection measures have been
moved from Qualtrics to REDCap, the randomization schedule
has shifted from opaque envelopes to sequentially numbered
word-documents uploaded to a cloud-sharing platform, and
the paper-and-pencil Trail Making Test has been substituted
with the oral version for telehealth baseline assessments.
A telehealth version of the VaLiANT intervention was also
developed (see Table 1). For analyses, telehealth delivery will
be treated as a substitution for in-person delivery rather than
as a separate treatment arm. In-person delivery remains the
preferred modality and will be utilized where possible. Changes
have been made to the inclusion criteria such that participants
are required to be able to attend assessments and the intervention
both in-person and via telehealth, to allow flexibility with
changing restrictions.

In addition, a number of other non-essential modifications
have been made following the opportunity to reflect on the trial
design during the trial’s pause in 2020, and further evidence
accumulated during that period. In weighing up whether to
introduce these changes after trial commencement, the research
team considered the fact that this is a feasibility Phase II trial
and therefore opted to make changes to optimize trial design
and better inform a future Phase III trial. Initially, randomization
occurred in randomly permuted block sizes of 6. However, it was
possible for the baseline assessor to deduce the final participant’s
allocation in one block based on previous allocations. As such,
varying block sizes (3, 6, or 9) were introduced to maximize
blinding of the baseline assessor in future assessments. The
Community Integration Questionnaire was updated to the
revised version which includes an additional electronic social
networking scale, relevant in the context of social distancing
requirements. The 26-item World Health Organization Quality
of Life scale (WHOQOL-BREF) and the Head Injury Semantic
Differential Scale – III (HISDS-III) were included as additional
outcomemeasures to providemore comprehensivemeasurement
of quality of life and psychological adjustment. Finally, the Valued
Living Questionnaire (VLQ) was replaced with an adapted
version (VLQ-CS) following identification of validity issues with
the original measures due to frequent comprehension errors
made by those with ABI2. All modifications occurred during
the pause in data collection (March – September 2020) with the
exception of changes to the Valued Living Questionnaire which
occurred in September 2019.

DISCUSSION

There is a recognized need for trials evaluating complex,
multi-domain, person-centered interventions post-ABI that
aim to improve rehabilitation outcomes beyond injury-related
impairments (e.g., cognitive and mood changes) by also targeting
overall adjustment to injury, meaningful participation, and
quality of life (33). While a number of complex interventions

have integrated cognitive rehabilitation and psychological
therapy with subsequent positive long-term effects, these
interventions are lengthy and require high treatment dosage
which limits their implementation into routine practice. The
proposed RCT aims to build on our Phase I findings (55)
by evaluating the efficacy, feasibility, and acceptability of the
8-week VaLiANT group program against a treatment-as-usual
waitlist control.

The study has several strengths. Many aspects of the current
trial design were piloted and found to be feasible in the previous
Phase I study (e.g., recruitment rates, outcome assessment
completion rates). The inclusion criteria for the study are
broad and include multiple forms of ABI in comparison to
many intervention studies which focus on a single cohort (e.g.,
stroke). It is therefore anticipated that the sample will be fairly
heterogeneous, supporting generalization of the study findings
to the broader ABI community and implementation into ABI
rehabilitation services (which are rarely devoted to a single
cohort), while potentially also allowing for greater exploration
of predictors of treatment outcome depending on the sample
size. Additionally, the intervention was developed by a multi-
disciplinary team based on current evidence (including existing
manualized treatment approaches). The intervention includes
specific adaptations to meet the needs of those with ABI, it can
be delivered both in-person and via telehealth aiding flexibility,
and it is group-based which may be more cost-effective than
individual therapy.

Several limitations are also acknowledged. The study has
been conducted during the COVID-19 pandemic in Melbourne,
Australia which has been subject to multiple extended and
rolling lockdowns throughout the study period. Study outcomes
may be impacted during periods of restriction due to limited
opportunities for intervention-related behavior change and the
overall negative impact on mood and wellbeing. Additionally,
there may be rapid improvements in both study conditions
when lockdowns or restrictions are eased. The pandemic
has also necessitated a number of changes to the study
design and methodology. In particular, the variable modality
of intervention delivery between participants (i.e., in-person,
telehealth, or blended) may impact intervention outcome.
The associated change in inclusion criteria, which requires
participants to have both in-person and telehealth capacity, may
also lead to a restricted sample by limiting the intervention
to higher-functioning individuals. The study is also limited
to English speaking individuals with sufficient cognitive and
language capacity to complete the outcome assessments and
participate in the group intervention, which may further limit
the generalizability of findings, particularly to those with
significant aphasia.

This study will extend current knowledge on the utility
of complex interventions and will add to the growing body
of evidence investigating the role of valued living as an
important treatment target following ABI. The study findings
will also add to recent evidence supporting the adaptation of
ACT for those with ABI. Given that previous investigations
have focused on purely ACT-based interventions without a
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cognitive rehabilitation component, this study will demonstrate
the utility of incorporating ACT principles within a more
holistic intervention framework. Finally, study findings will help
determine the feasibility and implementation of a definitive
Phase III RCT.
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Stroke patients often contend with long-term physical challenges that require treatment

and support from both formal and informal caregivers. Socially Assistive Robots (SARs)

can assist patients in their physical rehabilitation process and relieve some of the

burden on the informal caregivers, such as spouses and family members. We collected

and analyzed information from 23 participants (11 stroke patients and 12 informal

caregivers) who participated in a total of six focus-group discussions. The participants

responded to questions regarding using a SAR to promote physical exercises during the

rehabilitation process: (a) the advantages and disadvantages of doing so; (b) specific

needs that they wish a SAR would address; (c) patient-specific adaptations they would

propose to include; and (d) concerns they had regarding the use of such technology

in stroke rehabilitation. We found that the majority of the participants in both groups

were interested in experiencing the use of a SAR for rehabilitation, in the clinic and at

home. Both groups noted the advantage of having the constant presence of a motivating

entity with whom they can practice their rehabilitative exercises. The patients noted

how such a device can assist formal caregivers in managing their workload, while the

informal caregivers indicated that such a system could ease their own workload and

sense of burden. The main disadvantages that participants noted related to the robot not

possessing human abilities, such as the ability to hold a conversation, to physically guide

the patient’s movements, and to express or understand emotions. We anticipate that the

data collected in this study—input from the patients and their family members, including

the similarities and differences between their points of view—will aid in improving the

development of SARs for rehabilitation, so that they can better suit people who have had

a stroke, and meet their individual needs.

Keywords: socially assistive robots, stroke, rehabilitation, focus groups, informal caregivers, patients,

participatory design, co-design
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INTRODUCTION

Nearly 795,000 strokes occur in the United States each year; on
average, that means a stroke every 40 seconds (1). It is estimated
that by 2030, approximately 3.4 million American adults over 50
will have suffered a stroke (2). With the increase in morbidity
rates, the demand for professional, comprehensive, and intensive
rehabilitative care tailored specifically to the patient and their
injury will also increases (3–10).

Providing the necessary comprehensive care each patient
needs can be challenging. Two thirds of stroke patients
experience various deficits 6 months after the cessation of their
rehabilitation process, and over 50% of them will still have
significant disabilities relating to gross and fine motor ability,
speech, perception, and cognition, affecting their daily lives and
emotional state when evaluated 18 months after stroke (11–14).

When a patient is discharged from a hospital or a
rehabilitation center, the balance of care abruptly switches from
the formal professional arena to the informal-caregiving arena.
Most often, this means a spouse, an adult child, or a friend taking
on the burden of care (15, 16). The typical informal caregiver
in the US is a 49.4-year-old woman who voluntarily assists a
relative for 4.5 years for about 24 hours per week (17, 18). In
2017, it was estimated that family members provide 34 billion
hours of treatment per year with an economic value of about $470
billion (16).

The most common needs of a stroke patient relate to
daily activities such as bathing, dressing, and transportation,
and less common needs relate to toileting and feeding (19)
(see Figure 1). One of the main roles of family caregivers is
providing transportation, with nearly 40% of informal caregivers
reporting that they accompany patients to routine medical visits
(20). The support that informal caregivers provide to patients
allows individuals post-stroke to remain in their homes and
communities for longer, thus postponing or even preventing

FIGURE 1 | Informal caregivers’ roles. Some of roles undertaken by informal

caregivers are depicted here, including help with feeding, dressing, traveling,

shopping, cleaning, maintaining personal hygiene, and exercising. The breadth

of functions many of them fill in the lives of the patients suggest that any

improvement in patient independence has the potential to help alleviate some

of the burden undertaken by the informal caregiver.

institutionalization (20–22). Additionally, informal caregiving
helps prevent or delay functional deterioration, reduces the use
of medical services, and reduces expenses (20, 23, 24). There is
no doubt that support given by informal caregivers is an integral
factor in the healing processes of individuals post-stroke.

Lack of such support can have serious consequences:
patients who receive inadequate assistance with Activities of
Daily Living (ADLs) and Instrumental Activities of Daily
Living (IADLs) have been reported to require more physician
visits, emergency room visits, and hospitalizations, and to
suffer more often from depression (19, 25). Not attending
medical appointments or being unable to obtain medical
supplies may compromise the medical management of chronic
health conditions, underlining the importance of the informal
caregiver’s role in transportation (19).

Alongside the clear benefits to the patients, this assistance can
take a toll on the caregivers’ physical and psychological health
(26–28). Studies show that lack of caregiver preparation for their
role can adversely affect their health, quality of live, and well-
being. It has been demonstrated that caregivers face an increased
risk of certain medical conditions, such as stroke, depression,
fatigue, and more (29–33). It is, therefore, crucial to find ways
to support these informal caregivers.

A variety of technological innovations are being developed to
assist and ease the burden on professionals, informal caregivers,
and patients (18, 34–36). For example, socially-assistive robots
(SARs) have been developed to be used in hospitals and in
the home, to perform various tasks, such as coaching an
exercise session, aiding with ADLs, and encouraging exercise
and emotional expression (15, 37–45). The purpose of SARs for
rehabilitation is to support and expand independent functioning,
reduce the support needed from caregivers, and motivate
patients, caregivers, and therapists in coping with the intensive
repetitive daily activities required to improve quality of life,
health, and psychological well-being (46–50).

It is conceivable that a properly designed interaction with
a SAR can offer benefits to both patients and their caregivers
in the process of rehabilitation. We posit that it is essential
to collect and incorporate these stakeholders’ points of view
into the process of designing effective interactions with robots
for rehabilitation. Within the growing literature on the variety
of SARs being developed, few studies explored the similarities
and the differences in the needs, expectations and concerns of
stroke patients and their informal caregivers, by directly asking
the members of these stakeholder groups. For this reason, our
goal in the current study was to examine the similarities and
the differences in the attitudes, acceptance levels, needs, and
concerns of individuals post-stroke and their primary informal
caregivers regarding the use of a SAR to promote physical
exercise in the rehabilitation process. We aimed to assess these
stakeholders’ initial reactions to the concept of SARs used
in the home and at the clinic, with a focus on a robotic
platform which will deliver a combination of cognitive and
physical exercises. The current study is intended to complement
and serve as a basis for immersive long-term interaction
studies in these environments (home and clinic). Specifically,
we asked:
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(1) How do stroke patients and their informal caregivers
perceive the notion of the patients performing rehabilitation
exercises, coached by a SAR?

(2) What advantages and disadvantages do they see in such
a practice?

(3) What changes or additions should be made to a specific
implementation presented to them, so that it better meets
patients’ needs?

(4) What are their concerns regarding the use of a SAR in the
rehabilitation process?

Understanding the needs and differences in opinions among
individuals will help to optimize the rehabilitation system
for all relevant stakeholders – clinicians [with whom we
conducted focus groups in a previous study; see (51)], patients,
and their informal caregivers. We expect that the higher the
value the patients and their informal caregivers attribute to
the SAR, the more likely they are to use it extensively for
practicing rehabilitation exercises. Our intention is that the
information gathered here will serve researchers, clinicians
and engineers when designing interactions with a SAR for
healthcare applications.

METHODS

Research Outline
We used the qualitative method of focus-groups discussions
to collect information from patients and their caregivers. The
focus groups enable an in-depth discussion that reveals the
participants’ positions, attitudes, and views regarding various
subjects as well as a diversified view of any differences in opinions
among the various group members (52–54). The methodology
was based on the list of Consolidated Criteria for Reporting
Qualitative Research (the COREQ list), which was developed
to promote reporting transparency among researchers, while
improving qualitative research reliability (55).

Experimental Protocol
Participants (N = 23, age: 68.3 ± 6.8 years; mean ± SD)
took part in two experiments: one with individuals who have
had a stroke and the other with informal caregivers of stroke
patients. We held a total of six focus-group discussions— three
with each population group. Participants were recruited using
the convenience-sampling approach from Neeman, a nonprofit
organization for post-stroke individuals and their families, which
works to improve treatment, rehabilitation, and welfare of stroke
patients and their families in Israel.

The criteria for inclusion in the study were: stroke patients
or informal caregivers over 40 years old, Hebrew speaking.
Stroke patients were recruited after the acute stage, if they
experienced a rehabilitation process in a hospital, and had a
motor impairment in their limbs which limits their movement.
Caregivers were recruited if they cared for the individual post
stroke three times per week or more. Exclusion criteria for
patients were: significant impairment in their comprehension
and verbal expression abilities (as assessed by the Neeman group
coordinator), additional neurological conditions, undergoing

rehabilitation at the time of the study. These criteria were
communicated to the Neeman group coordinators, who then
invited participants who meet these criteria to the focus-
group discussions.

In recruiting participants, we strove to include diverse
populations in terms of their geographic residence
and socio-economic statuses, and accessibility to large
rehabilitation centers.

All meetings were held face-to-face in the location where
the Neeman group members usually meet (in Eilat, Hadera and
Ofakim), except for the ones located in Haifa which were held
using the Zoom video-conferencing software. Themoderator had
no prior acquaintance with any of the participants, and each
participant attended a single focus-group discussion.

Group discussions were held between September 2020 and
January 2021. Each discussion lasted between 45–90min and
was videotaped with HC-VX980 Panasonic and DJI OSMO
cameras and audiotaped with a ZOOM H1N audio recorder,
for further analysis. All discussions were moderated by the first
author, a speech-language pathologist, whowas amaster’s student
at the time. In addition to the moderator, an assistant from
the research team was present in one of the meetings with
patients (in Ofakim), and took field notes, and a family-group
coordinator was present in one of the meetings with family
members (in Eilat); all three are female. At the beginning of
each session, the moderator explained the overarching goal of
the project: the long-term rehabilitation of stroke patients using
a humanoid robot for upper-limb practice; and the specific goal
of the focus-group discussions: to get feedback and understand
their perceptions regarding SARs for rehabilitation in general,
and regarding the specific implementation our research group
has developed (15). Our team developed a robot-based gamified
exercise platform for long-term post-stroke rehabilitation; the
platform uses the humanoid robot Pepper (Softbank Robotics
Aldebaran), and includes seven gamified sets of exercises, which
are based on functional tasks from the everyday life of the
patients, such as reaching to a cup, or turning a key in a lock. Each
exercise set comprises a combination of cognitive and physical
components. The platform gives the patients instructions, as
well as feedback on their performance, and can track their
performance over time. Following a brief overview of the
platform, and an explanation about the format of the focus-group
discussion, participants watched a two-minute video in which
healthy participants were seen practicing five different exercise
games with the robot. The video shows individuals sitting in
front of the robot with a worktable between them. On the table
are various everyday objects (e.g., keys, cups) which they are
asked to grasp, manipulate and arrange, according to instructions
provided by the robot.

The exercise games presented in the video were the Cup
Game, the Target Game, the Keys Game, and the Escape Room
Game [see (15)]. The video shows the individuals completing
the exercise sets and receiving feedback from the robot, having
successfully completed the task. The robot’s responses included,
inter alia: hand clapping, victorious arm gestures, and a jovial
waving of the hands. After the participants watched the video,
the moderator led a discussion based on 11 questions for the

Frontiers in Rehabilitation Sciences | www.frontiersin.org 3 January 2022 | Volume 2 | Article 79323365

https://www.frontiersin.org/journals/rehabilitation-sciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/rehabilitation-sciences#articles


Dembovski et al. Socially Assistive Robots for Stroke

TABLE 1 | Discussion questions - Patient groups and Informal-caregiver groups.

The questions presented in the focus groups

Patient groups Informal-caregiver groups

What are your thoughts and feelings regarding the video you just watched?

Would you be interested in practicing with Pepper during your rehabilitation

process?

Would you be interested in your family member practicing with Pepper

during their rehabilitation process?

What advantages do you think practicing with Pepper has, compared to practicing alone?

What disadvantages do you think practicing with Pepper has, compared to practicing alone?

What would you add or change for the system to meet your needs? What would you add or change for the system to meet your family

member’s needs?

How do you think Pepper could aid and assist you in your rehabilitation? How do you think Pepper could aid and assist your family member’s

rehabilitation?

Do you think there are needs that Pepper cannot address?

Do you think there are limitations that could prevent you from practicing with

Pepper?

Can you think of any reason why your family member could not practice

with Pepper?

Do you depend on someone else to drive you to your usual

treatments?

Are you the one driving your family member to their usual

treatments?

If you are arriving independently to treatments, please rate the level of effort

you would be willing to invest in traveling for treatments with Pepper.

Please rate the level of effort you would be willing to invest to drive your

family member for treatments with Pepper.

Do you think your family member’s practicing with Pepper could

affect you? If so, in what ways?

Is there anything you would like to add?

post-stroke patient groups and 12 questions for the family-
member groups (see Table 1) which were formulated by the
research team, and tested for clarity with members of the
extended research group. Participants were asked to describe
their personal experiences and note their thoughts and feelings
regarding the robotic rehabilitation system, including any
perceived advantages and disadvantages, beneficial elements, and
what they would have liked to add, upgrade, or change in the
system to improve it to suit their needs.

The video and audio recordings were transcribed and open-
coded (applying the inductive approach) by hand using the
Framework Method (56). In the thematic analysis process,
common themes from the different groups were identified and
categorized, as detailed in the Results section below.

After conducting two focus-group sessions, of stroke patients
and of informal caregivers (a total of four), it was evident that
there was a repetition of the main themes, and data saturation
was reached. Therefore, another focus-group discussion was held
for each of the two population groups, after which data collection
ceased (57). No new variables were noted in the third and final
session of each population group. The experimental protocol was
approved by the Ben Gurion University of the Negev’s ethics

committee. All participants gave their written informed consent
to participate.

RESULTS

Experiment 1—Stroke Patients
In Experiment 1 (n = 11, 10 males, 1 female; ages 57-85 years;
69.8 ± 6.7 years [mean ± SD]), the participants were stroke
patients (11.2± 5.6 years; mean± SD) 2-20 years post stroke (see
Table 2). Three focus groups were held in three different centers:
Ofakim (N = 3), Eilat (N = 3), and Hadera (N = 5). The letter
in a participant’s code in Table 2, as well as in the Results section,
indicates the location at which the focus-group session was held.

The thematic analysis of the data from the patients’ focus
groups revealed five main themes: (i) attitudes toward the
robot; (ii) motivation for use and feedback; (iii) perceived
disadvantages; (iv) adaptability to patients’ specific needs; and (v)
the use of a SAR as supplementary to standard treatment. Listed
below are the details for each of the themes, interlaced with direct
quotes from the group discussions; see Table 4 for a summary of
the main issues brought up by the two study populations.
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TABLE 2 | Participant demographics—Individuals with stroke (N = 11).

Participant Age (years) Years since the stroke Gender

O1 57 17 Male

O2 85 5 Male

O3 71 5 Male

E1 69 2 Female

E2 67 10 Male

E3 69 12 Male

H1 66 9 Male

H2 67 16 Male

H3 68 20 Male

H4 78 18 Male

H5 71 10 Male

Average 69.8 11.2

The upper-case letter in a participant’s code indicates the location of the focus-group

session to which they were recruited (O- Ofakim, E- Eilat, H- Hadera).

FIGURE 2 | Interest of individuals post-stroke in practicing with a robot as part

of the rehabilitation process.

Attitudes Toward the Robot

Attitudes toward the robot were mixed. Thirty-six percent of the
patients (N= 4) stood out for their positive attitude: they thought
the robot was interesting, positive, and helpful. Two of those four
participants did not see any drawbacks in the system. Thirty-six
percent of the patients (N = 4) were ambivalent, and 28% of the
patients (N = 3) opposed the use of the robotic rehabilitation
system, saying it lacked the human qualities required in the
process of rehabilitation. When they were asked if they would
want to use Pepper during their rehabilitation process, most
participants (seven, 64%) said they would, three replied they
would not, and one abstained (see Figure 2).

Motivation for Use and Feedback

Three of the participants noted that discipline and inner
motivation were crucial in the process of rehabilitation.
Four participants (36%) said the robot could motivate and
encourage stroke patients to perform rehabilitation exercises.
They indicated that it is exceedingly physically and mentally
challenging to do exercises alone and that they often give up as

a result, but that they do believe the robot could encourage them
to exercise.

“After a stroke, you get occupational therapy [for] 12 treatments.

That’s it for the whole year . . . Pepper can help you get more. . .

rehabilitation hours. . . [and] motivate you even by saying ‘keep

going, slowly, slowly. . . You don’t know how much it [the

feedback] has an effect, because it’s hard [the rehabilitation

process]. . . ” (H2)

However, two participants emphasized the difference between the
encouragement and support of a robot and the support, and level
of feedback that a human can provide.

“There’s a huge difference [between a human therapist and a robot

assistant]. I prefer people. A person needs feedback” (O2)

See also quote from H2 in the section titled The Human Aspect,
below.

Five participants stated that they consider the robot to be an
authoritative figure that could supervise them and help them
commit to the process. Participant H3, however, did not agree,
claiming that the robot could not offer the kind of support that a
human therapist can:

“. . . [the robot] doesn’t touch you. . . it can’t really move your

hands. . . it took me a long time to put on socks or zip up my

pants. . . It was all done with the help of a therapist. . . ”

Four participants saw the advantages of doing exercises with
the robot and also mentioned that it may serve to assist the
professionals who already take care of them.

“This thing can take the load off of many people, especially [off

the] physical therapists” (O1)

Two of the 11 patients noted that their motivation for treatments
in general, and with Pepper in particular, would depend on the
support of their family and friends. One mentioned that if their
family encouraged them to try this treatment with the robot, they
would be happy to do so.

“It also depends on the family. . . you need the family. . . as

support. . . The family needs to give you the motivation [to

experiment with the robot] . . . That’s very important” (H2)

Two of the participants saw the SAR’s value in encouraging the
patient to do group exercises, as well.

Perceived Disadvantages

The Human Aspect
Nine of the 11 patients (82%) expressed their dissatisfaction with
the robot’s lack of humanity. They referred to its inability to
provide guidance and direction, real conversation, empathy, and
genuine human contact and interaction.

“[When] a human being. . . instructs [me] to do something and it’s

hard for me, they try to help me . . . a robot won’t help me, it will
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only give instructions, tell me if [what I did] was good or not. But

a person who can see that I’m struggling with something would

. . . . help me out” (E3)

“It doesn’t have emotions. You need feedback. [A] personal

connection is better. . . A goodword is sometimesmore important

than the entire treatment” (H2)

Help With Physical Needs
Participants from the patient group reported a lack of balance,
constant falling, and an inability to perform routine actions,
such as standing, walking, sitting etc., which require physical
support and assistance by caregivers. Six of the participants
thought that the robot could not provide this kind of support.
Two participants stated that, given an opportunity to practice
with technology, they would prefer aid technology (technology
that is attached to injured body parts and provides electrical
stimulation) which they perceive as more effective.

“I need help with my left hand. . . physically. . . Pepper wouldn’t

have helped me [with that]. . . ” (H2)

Adaptability to Patient Disability

General Adaptability
The participants made suggestions regarding exercising with
Pepper. One suggestion was that the robot gives clear vocal
instructions at an appropriate volume. Five participants noted
the need to adjust Pepper to accommodate to their physical
disabilities. They would have wanted the robot to assist them
in standing, sitting, opening doors, and more (see Part 3.5).
Two participants referred to Pepper’s inability to perform a
demonstration after giving instructions. They said that watching
a video is not enough for them to understand the exercise and
that a physical illustration is mandatory in their view.

“[There should be] a demonstration and then a . . . video so that

a person can understand what [Pepper] wants and then it will be

easier. . . It should be mobile, easy to operate. . . ” (H2)

Individual Adaptability
The participants suggested specific adjustments per their
individual impairments which they would want programmed
into the robot. Seven noted that they would like the robot to help
practice motor skills, three noted cognitive skills, and four noted
communication skills.

“I think if it should help with everything!With speaking, too” (E3)

Robots for Supplementary Practice

Seven participants (64%) stressed that exercising with the robot
should not replace conventional treatments with a human
therapist, but be done in addition to treatments with a human
therapist. Three said that until they have successfully learned how
to operate the system, another person should be present during
their practice. Three participants stressed that someone must be
present in order to mediate and help, at least during the first
few sessions.

TABLE 3 | Participant demographics—Informal caregivers of individuals with

stroke (N = 12).

Participant Age (years) Years caring for

the individual

with stroke

Gender Relation

o1 70 4 Female Spouse

o2 72 5 Male Close friend

o3 63 10 Female Spouse

o4 62 5 Female Spouse

e1 69 2 Male Spouse

e2 48 10 Female Spouse

h1 67 21 Female Spouse

h2 70 25 Female Spouse

h3 70 14 Female Spouse

h4 66 19 Female Spouse

h5 73 20 Female Spouse

h6 74 4 Female Spouse

Average 67 11.5

The lower-case letter in the participants’ code indicates the location of the focus-group

session to which they were recruited (o- Ofakim, e- Eilat, h- Haifa).

“[If] I got Pepper, I think it would be good for me, but not as a

replacement for someone who helps and guides you. . . You could

[practice with Pepper in rehabilitation], but after a person finishes

their part. Human first and Pepper later, [and] not at the same

time!” (H3)

“It’s better to start with a human. . . You need someone to guide

you on the bigger things like walking, or shopping. . . ” (H1)

“. . . a person is better . . . but if I were in a situation where I

can have the robot or have nothing, I would prefer having the

robot” (O3)

Experiment 2—Informal Caregivers
In Experiment 2 (N = 12, 2 males, 10 females), the participants
were informal caregivers of individuals after stroke (ages 48–74
years; 67 ± 6.7 years [mean ± SD]) who have been caring for a
stroke patient for 11.5± 7 years (mean± SD; see Table 3). Three
focus groups of informal caregivers recruited from the Ofakim
(N = 4), Eilat (N = 2), and Haifa centers (N = 6), were held via
Zoom video chat due to COVID-19 restrictions.

The thematic analysis of the data from the informal caregivers’
focus groups (the family-member groups) revealed four main
themes, which correspond with the main themes from the patient
groups: (i) attitudes toward the robot; (ii) motivation for use and
feedback; (iii) perceived disadvantages; (iv) adaptability to patient
needs; and (v) the use of a SAR as supplementary to standard
treatment; see Table 4 for a summary of the main issues brought
up by the two study populations.

Attitudes Toward the Robot

Compared with the stroke patients, the informal caregivers
had a more optimistic attitude toward using the robot in the
rehabilitation process, especially the Ofakim focus group. They
expressed great confidence in the robotic system and believed
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TABLE 4 | The main similarities and differences between the two population

groups.

Issues that came up in the focus-group discussions

Patients Informal caregivers

View the robot-based system as an innovative, interesting, and intriguing

technology that can motivate the patients to commit to the rehabilitation

process

Perceive the added value of the

system to be: a way of helping to

reduce the load from their formal

caregivers

Perceive the added value of the

system to be: it could provide them

with more time for self-care and

everyday chores, and help prevent

friction and disagreements with

patients

Concerned that practice with a robot will replace the care given by

formal caregivers; See the value in the robotic system, but refuse to

accept it as a substitute for the standard care

Mainly want this new technology to

assist them with motor needs,

primarily with physical support (e.g.,

balancing, getting up from a chair)

Believe that the gamified exercise

system could inspire them and give

them ideas for further practice to

better facilitate their family member’s

rehabilitation process

Think the system should be adapted to the specific needs and

capabilities of stroke patients, e.g.,: ease of operation; instructions and

feedback written in large lettering, and spoken using a loud voice;

repetition of instructions; personalization of difficulty levels; practice of

communication, cognition, and memory skills

Perceive system’s disadvantages to be the robot’s inability to: physically

demonstrate the instructions; identify and respond to nuances in patient’s

behavior (e.g., indicators of exhaustion, lack of understanding, etc.); converse

with the patients

Would like physical contact with

the robot, as a means to better

practice movement (a guiding

touch)

Would like the robot to provide

comforting physical contact, such

as a hug, or a reassuring touch

it could perform a wide range of activities and provide care for
their spouses.

All informal caregivers who took part in the study, when asked
if they would be interested in their familymember exercising with
Pepper during the rehabilitation process, said “yes”. It became
apparent that they were willing to try any exercise or treatment
that might improve the stroke patients’ condition or at least keep
it from deteriorating.

“I think it’s good, . . . alongside the 12 [treatments] a year he

receives, it would [give him] more [practice] time. I think he

can do it at home. During COVID-19 we were not [at the

rehabilitation center] a lot and it’s harder for him to walk,

and [when he exercised] on the bicycle – he said that it was

harder than before [because there had been a long break from

treatments]” (o2)

Motivation for Use and Feedback

The robot was perceived as being an interesting, novel, and
an innovative new way to do rehabilitation exercises. Most
participants (10 out of 12) thought that the robot had a significant
advantage over self-practice because it could motivate patients
into action, thus promoting progress. One participant noted that

they perceived the robot as an authoritative figure that could aid
their spouse in committing to and persisting in their practice.
One of the participants in the Haifa focus group mentioned that
motivation for exercising could also come from group practice
with the robot, a statement with which all five of the group
members agreed.

Four participants noted that Pepper could reduce costs, since
it can be used at any time and for an unlimited number of
treatment sessions.

“. . . Therapists . . . cost more money . . . [The robot] is one more

thing [they can use] . . . in rehabilitation. From what I know, the

more you practice the better. . . [Pepper] can add interest and

provide another form of rehabilitation” (o4)

It seems that the informal caregivers were motivated to have
their spouses use the robot not only because it can encourage
the performance of exercises that can improve the patients’
condition, but also because the system can give them (the family
members) ideas for how to practice with the patient. They noted
it may also provide them with an indication of their spouses’
progress and allow them to have some free time, thus helping to
prevent friction and conflict.

“It really gives us ideas on how to carry on. . . gives us some

confidence” (o1)

“I’m skeptical regarding the ability of [a person with] cognitive

limitations to understand what the robot wants, its instructions. . .

on the other hand, I think it can spare us, the caregiving spouses,

a lot of negative interactions with our partners because . . .

our involvement with treatments created a lot of antagonism,

resistance, and . . . anger. If someone else can do the work, I

think it’s good because even in the [traditional] treatments, . . .

when we went to occupational therapy, the therapist would give

us something to do . . . and I was the one who had to deal with

him and give him instructions. If a robot can do that, it would

reduce some of the friction and I see that as a positive thing” (h4)

“It can set us free. We could leave them with Pepper for 40

minutes and come back to see what they had done” (h5)

On the other hand, two of the participants were quite concerned
that the stroke patients would not want to use or cooperate with
the robot due to fear of or indifference toward technology (both
patients were 57 years old when the stroke occurred).

Six of the participants (all of the Haifa group) saw the SAR’s
potential in motivating the patient to do group exercises, as well.
It should be noted that the topic of using the SAR for group
exercises was brought up by the participants, and was not in
response to a question by the group mediator.

Perceived Disadvantages

Human Aspects
Seven of the 12 informal caregivers emphasized that the robot
was missing the human capacity to understand the patient. They
believe that Pepper will miss small gestures that stroke patients
use due to speech and communication impairments and might
fail to clarify instructions when misunderstandings arise.
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“. . . [the caregiver] need[s] to know how to hug and smile. . . the

fact that it’s a robot and not a human . . . would not [make my

spouse] happy to cooperate” (h5)

Adaptability to Patient Disability

The issue of adaptability of the robot, which came up both in the
patient groups and in the family-member groups, is comprised
of two components: general adaptability –features that must be
in all rehabilitation robots; and individual adaptability –features
that can be customized for the individual’s medical needs.

General Adaptability
The informal caregivers noted that the stroke patients may
suffer from significant cognitive injuries and that their auditory
comprehension and ability to understand instructions may
be compromised. Four of the participants opined that the
robot would not be suitable for their spouses due to
cognitive impairments that make it difficult to understand oral
instructions. Three participants mentioned that the robot must
provide physical demonstrations of the required activities in
order for the patients to understand their instructions; one
mentioned that written instructions should be in a large font; and
three others mentioned that the robot must have a relatively long
waiting time for a response from the patient.

Individual Adaptability
Specific adjustments need to be made in the robot’s system
to suit each stroke patient’s particular difficulties. The most
common adjustments mentioned were intended to accommodate
impairments in communication, writing, reading, retrieval, and
memory. Three of the informal caregivers would have liked
for the robot to help practice motor skills; five mentioned
cognitive skills; four mentioned communication skills; and four
participants mentioned social contexts (reading a book or a
newspaper to the patient), as well as activities of daily living (such
as getting dressed).

“It is hard for my husband to read quickly, and he needs big

lettering. . . [H]e can’t hear well, so we got him headphones to

raise the volume. There are somany [types of] injuries. . . [E]ach is

different. . . [T]he treatment should be individually tailored” (o4)

One of the participants noted that she would have liked a SAR
to help her husband in re-training his emotional-communication
skills. She gave the example of reminding him to smile, since he
is often in a bad mood, and she hopes that smiling will make him
feel better:

“Sometimes he is in such a bad mood, I . . . say to him ‘Hello,

smile;. . . it’s healthy for the body, to smile.’ (o1)

Five of the informal caregivers stated that it was difficult for them
to assess the robotic system based on the video presented at the
beginning of the focus group discussion.

Robots as Supplementary Practice

Eight of the informal caregivers emphasized that the robot should
be used to supplement, rather than replace, the work of clinicians.

FIGURE 3 | Willingness of informal caregivers to drive the patients specifically

for training sessions with the robot. One hundred percent of the participants in

the informal caregivers’ groups drive their family members to errands and

treatments. One hundred percentage of them indicated that they will be willing

to drive them specifically for training sessions with the robot, with 92% of them

willing to drive 30–45min for that purpose.

Three of them stressed that someone must accompany it to
mediate and help, at least in the first few sessions.

“[The robot should only be] extra help. . . only if it is in addition

to the [standard] treatments. . . [I]f it’s just the robot, then it’s

not relevant. . . after the [standard] treatments are done and then

there’s an option for [practicing with] a robot. I think that could

happen” (e2)

Informal Caregivers’ Extent of Effort

All the family members who participated in the focus groups
were the informal caregivers who did most of the driving of
stroke patients to their various treatments. We asked the family
members how long they would be willing to drive the patients to
practice with a robot, as a proxy for assessing the extent of effort
they were willing to put into getting their family members to
sessions with the robot. The possible responses were: “unwilling”,
“willing if the treatment [with the robot] is at the treatment
center” (i.e., the rehabilitation center where all other treatments
are given), and “willing to travel up to 30/45 minutes” (to a
location separate fromwhere the standard treatments take place).
The results showed that 100% of the informal caregivers were
willing to drive the patients for practice sessions with the robot,
with 92% of those willing to drive between 30–45 mins for that
purpose (the maximum driving time we asked about was 45min;
see Figure 3). Those who said that they would prefer to travel
<45min mentioned that they do not like or are unable to travel
long distances. One mentioned that she would prefer first to
check whether her spouse would even want to cooperate with
this practice, and only then would she be willing to make the
necessary effort.

DISCUSSION

The aim of the research was to study and analyze the attitudes
of stroke patients and their informal caregivers toward the
use of SARs during the rehabilitation process. We therefore
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conducted two sets of focus groups—one comprised of stroke
patients and the other of informal caregivers (family members)—
to explore the projected levels of use and acceptance, and to
understand the two groups’ needs and concerns with regards to
the rehabilitative system we developed, which presents to the
participants a combination of cognitive and physical challenges
(15, 51).

The analysis of the data we collected revealed a number of
parameters that impact the projected acceptance and use of the
robot in the rehabilitation process. These parameters can be
divided into two categories: those that relate to the stroke patients
and their informal caregivers, and those that relate to the robot.

Parameters Relating to the Individual
Attitudes Toward the Robot

Almost two-thirds (64%) of the participants in the patient groups
expressed their desire to exercise with the robot, and those who
were reluctant to do so, explained that it was because the robot
lacked human qualities and could not meet their physical needs.
The attitude expressed by the majority corresponds with results
we reported from a user questionnaire (USEQ) administered
to 10 patients who had the robot-based rehabilitative system
we developed over a five-to-seven-week period, for a total of
15 sessions each; they indicated their wish to continue training
with the platform with a score of 4.3 ± 1.0 (out of 5; 15). In a
series of in-depth interviews we conducted with nine of those
patients, they indicated that their motivation to continue using
the system was primarily affected by the perceived functional
benefit1; this finding was echoed by a strong correlation we found
between participants’ evaluation of the contribution of the system
to their rehabilitation and their willingness to keep training with
it (15): “. . . it is not the mere use of technology that increases
the motivation of the person to practice, but rather it is the
appreciation of the technology’s effectiveness and its perceived
contribution to the rehabilitation process”. The minority attitude
in the current study reflects the other side of this spectrum: a
lack of belief in the functional benefit that training with the robot
would bring, leads them to express disinterest in the training.

All participants in the family-member groups expressed
interest in having the patient do exercises with the robot,
indicating their belief that any practice may serve to advance
the patients’ medical condition. The stroke patients, on the
other hand, focused on the functionality of the treatment tool,
what it can or cannot do, and formulated their opinion based
on this factor. It is important to understand this attitude that
functionality dictates use, as it will ultimately impact whether
patients will try to use the system. Indeed, it has been previously
shown that users that view the robot positively will want to use it
and will do so often (58, 59).

Motivation and Feedback

Both stroke patients and their informal caregivers view the
system as an innovative, interesting, and intriguing technology
that can motivate the patients to commit to the rehabilitation

1Koren Y, Feingold Polak R, Levy-Tzedek S. Extended interviews with stroke

patients over a long-term rehabilitation using human-robot or human-computer

interactions (unpublished data).

process. Only the stroke patients saw added value in the system
in so far as it could reduce the workload for their formal
caregivers. Indeed, studies have shown that SARs and assistive
technologies can ease the load of both formal and informal
caregivers (35, 60, 61). Frennert et al. (62) specifically showed that
robots were perceived as beneficial to the working conditions of
formal caregivers, as a resource for decreasing health costs, and
as a way to increase the quality of treatment, seeing as robots can
work around the clock without sleeping or being distracted by
personal matters.

As for the informal caregivers, the motivation for using
the robot was twofold: (1) the positive contribution of the
training toward their spouse’s rehabilitation; and (2) the benefit
of using the robot to them (the family members). They indicated
that this gamified exercise system could inspire them and give
them ideas for further practice to better facilitate their family
member’s rehabilitation process. Furthermore, they believed that
training with the robot could provide them with more time
for self-care or everyday chores and might even reduce friction
and disagreements.

Indeed, the notion that the social robot can alleviate some
of the burden—be it physical or emotional—from informal
caregivers came up in a study by Moharana et al. (63),
who designed assistive robots for collaboration with informal
caregivers of patients with dementia. One of the caregivers who
participated in this study wished that the robot would “take
the role of a bad guy” by telling the patient they have to stop
eating unhealthy food, thus preventing an argument between
the spouses.

These insights provided by the informal caregivers—on how a
robot may help patients not only directly, but also indirectly, by
helping their caregivers, and easing some of the potential tensions
that may develop between them during a long rehabilitation
process—highlight the importance of including the informal
caregivers in the process of designing assistive technology for the
benefit of patients.

Robots as a Supplementary Practice

The participants were worried that practicing with a robot would
replace the human care given by formal caregivers and made it
very clear that while they see the value in training with the robot,
they refuse to use it as a substitute for standard treatments, but
rather in addition to those.

Technological Experience

The informal caregivers raised concerns regarding the
cooperation of their family members with the robot over time.
Their reasons included indifference to technology, difficulty in
understanding how to operate the robot, and a lack of trust in
technology, which may lead to avoidance (64, 65). It should be
noted that these concerns did not arise from the stroke patients.
The informal caregivers mentioned that at least during the first
few sessions, until patients gain experience, a person must be
present in order to mediate and help, before patients practice
alone with the robot. The finding that family members were
concerned about the technological barrier to using the robot
echoes the findings of Frennert et al. (66) which aimed to assess
how different users—adults and their informal caregivers—see
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or envision the potential role of a robot in their lives. They found
that all the informal caregivers thought the relatives in their care
(their adult parents) could not learn how to use and operate the
robot. It may be that this concern is misplaced: in our long-term
study with patients, they responded to the question “Was the
information provided by the system clear to you?” with a score
of 4.9 out of 5, and to the question “Were you able to control the
system?” with a score of 4.8 out of 5 (15).

Parameters Relating to the Robot
Adaptability

Previous studies have indicated that for a robot to meet the
needs of the individual, it should be user-friendly, safe, reliable,
with a human voice, and moderate movement (66–70). These
desired characteristics were echoed by participants in the current
study, who indicated that they would have liked for the robot
to have the following attributes and functions: mobility; ease of
operation; instructions written in large lettering; a loud voice and
repetition of instructions with suitable intonation to emphasize
parts of the sentence; adjustments to different levels of difficulty;
capacity for longer response times by the user; and practice
for language and communication impairments (speech, reading,
and writing), cognition, memory, social contexts (like reading
books) and other motor impairments specific to their injuries
(such as hemispatial neglect). This expectation for a multi-
modal assistive device echoes studies that show that a combined
approach improves function—e.g., in upper-limb function (71)
and in gait parameters (72) post-stroke.

Our research group previously assessed the opinions
and recommendations of expert clinicians regarding the
rehabilitation platform that developed with the Pepper robot for
people recovering from a stroke (68). Both the participants of
the current study and the expert clinicians (formal caregivers)
from the Feingold Polak et al. study (68) mentioned the topics of
flexibility and an encouraging reward system. The experts stated
that the robot should be customizable to patients’ unique needs
and conditions; one of the ways to do this, they suggested, is
to assure that instructions are spoken clearly and slowly and to
have the robot say/express kind words of encouragement (68).
While the participants in the current study did not mention
anything regarding the response times of the robot, the clinicians
in Feingold Polak et al. (68) indicated that the robot should
respond quickly. Indeed, patients who used this robotic platform
over a 5–7 week period noted that they wish it would react as
quickly as a human would (15); they also noted their desire that
the robotic platform would be tailored to their individual needs.

One of the main perceived disadvantages of the robot
in the current study was its inability to perform a physical
demonstration of the instructions to patients, and its inability to
notice small nuances; to “read” the patient in certain situations,
such as lack of understanding, exhaustion, reluctance to continue
exercising, etc. Stroke patients noted they want the technology to
also assist them with motor needs: physical support, balancing,
and lifting.

In addition, the stroke patients in the current study indicated
their need for physical contact. The issue of contact was also
mentioned by the informal caregivers, but unlike the stroke

patients, who mentioned they needed the physical contact for
movement guidance, the informal caregivers referred to the
human ability to encourage and support. The informal caregivers
used a hug as an example of a significant and useful human
expression. Indeed, studies with SARs like “KASPAR” and “Paro”
have suggested that humans seek some physical contact when
interacting with a robot in social situations (73) and that physical
contact with a robot can improve mood and relieve physical
pain (74). It is possible that the participants in the current
study expected human-like qualities (physical assistance, touch,
interaction, and expression of emotion) from this technological
platform (75), as they are yet unfamiliar with non-human
social platforms which may assist in other ways in the process
of rehabilitation.

Human Aspects

Both population groups stressed the lack of human traits in the
robot; some perceived it as a cold machine, unable to express or
understand emotions, converse, or react to a changing situation.
They saw it as an automated object with specific, preset answers
or instructions that preclude natural conversation and expression
of emotion. They mentioned the need to have some sort of social
connection with the robot. Interestingly, these issues were not
brought up by patients who had trained with the system over a
5–7 week period (15), suggesting that exposure to the benefits
the system has – in terms of improving upper-limb function
– may change the a-priori perceptions of what the system’s
characteristics should be. This notwithstanding, it seems it would
be advantageous if the system could provide both the training
platform and a more human-like connection; Busso et al. (76)
suggested that when a system can recognize facial expressions
and decipher their meaning, it can assist the user and meet their
needs more accurately.

Personality

It has been found that a robot with a caring, empathetic, and
friendly personality encourages more interaction between it and
the individual (77–79). Goetz and Kiesler (80) presented the idea
that the robot’s personality must match its purpose; the results of
their study demonstrate that the participants enjoyed interacting
(while engaging in strenuous exercise) with the “playful robot”
more than with the “serious, concerned robot”. However, they
were less inclined to perform the “playful robot’s” requests, and
as a result, practiced less with it. These results suggest that
users require care and empathy, but also authoritativeness and
assertiveness that will motivate them to continue and persevere
with their physically straining exercises. It is thus encouraging
that both the patients and the informal caregivers in the present
study perceived the robot as an authoritative figure that would
motivate the users to exercise.

The Extent of Effort the Informal
Caregivers Were Willing to Exert
All the patients in this study rely on their informal caregiver’s
transportation to arrive at their treatments or doctor
appointments, and all of the informal caregivers in this
study drive their spouses. Means of transportation and distance
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from medical centers are considered potential major barriers
to the accessibility and utilization of medical care (81). It has
been found that those who have an informal caregiving support
system that provides them with transportation visit their health
care services 1.6 times more than those who do not (81). Distance
has been studied mainly in the context of rural areas with low
population density versus urban areas and was found to be one
of the most influential parameters affecting health outcomes and
one of the most significant barriers to health care accessibility
(82, 83). The greater the distance from treatment centers is the
less frequent are patients’ visits (81, 84–86).

In this study we wanted to test whether distance-time is one
of the factors that will influence the informal caregivers’ decision
to drive or not to drive the patients for sessions with the robotic
platform. We found that 100% of the informal caregivers were
indeed willing to make the effort to drive their family members
for treatments with the SAR; 92% of them were willing to drive
between 30–45mins for that purpose (themaximumdriving time
we asked about was 45 min).

SAR for At-Home Rehabilitation
We conducted the study in 2020, the year that COVID-19
was declared a global pandemic (87). The informal caregivers
indicated that during this period, the standard treatments were
canceled or reduced in volume and that patients were left without
rehabilitation for an extended period. This disruption to the
rehabilitation process may have hampered their recovery. Both
stroke patients and informal caregivers saw the added value
in having such a guided-exercise system in their own homes,
especially during a global pandemic.

Summary of the Main Differences Between
the Responses of the Two Study
Populations
While there were similarities between the responses of the
participants in the patient groups and in the informal-caregivers
groups, there were some notable differences as well, which we
summarize below:

1. All (100%) of the informal caregivers were interested in having
their family member practice with the SAR, while 64% of
the stroke patients expressed their desire to exercise with the
robot; those who were reluctant claimed the robot lacked
human qualities and would not meet their physical needs.

2. The informal caregivers suggested that any kind of practice
could aid the patients and improve their function. The stroke
patients, on the other hand, were more cautious and sought to
establish the functionality of the treatment tool prior to use.

3. Beyond the perceived benefits to patients, the informal
caregivers saw the benefit that using the SAR offered the
caregivers themselves (mainly providing them with more free
time), while the stroke patients indicated the benefit it offered
the formal caregivers (mainly reducing their workload).

4. The informal caregivers expressed a concern that indifference
to technology, or inability to effectively operate it may lead
patients to avoid using it. This concern was not noted by any
of the stroke patients.

5. Both groups indicated the importance of physical contact
in rehabilitation; The caregivers stressed the importance of
emotional touch, and that the robot lacks the ability to touch
and hug the patients as a sign of encouragement, while the
stroke patients stressed the importance of a guiding touch, and
that the robot lacks the ability to indicate to them the correct
movement by physically moving their body in the desired way.

6. The participants in the patient groups noted they expected
technological tools to provide them physical assistance with
standing, sitting, walking etc., and the robot’s inability to
provide such physical assistance was perceived as a significant
disadvantage. This disadvantage was not mentioned by any of
the informal caregivers.

Study Limitations
This study had several limitations. First, the sample size was
relatively small; the study was conducted during the COVID-
19 pandemic, which limited the ability to gather people together
for a discussion session due to lockdowns, cancellations of
support group meetings, and social distancing regulations.
Some potential participants were reluctant to attend in-person
discussion groups due to their at-risk statuses. The total number
of participants in our study was 23: 11 stroke patients and 12
informal caregivers. Ideally, future research would include a
larger sample size.

Second, there was no equal representation of gender in the
focus groups. In the patient groups there was only one woman,
and in the family-member groups (the informal caregivers) there
were only two men.

Third, it was not possible to mobilize the robot and provide
hands-on experience. Instead, the participants were shown a
short, two-minute video of the robot doing exercises with
healthy individuals. The participants noted it was hard for
them to evaluate the robot’s abilities and imagine it in action,
since they had no first-hand experience with the technology.
Notably, despite this limitation, most stroke patients were
interested in using a SAR for their rehabilitation. The current
study serves to complement the 2-year in-clinic long-term
interaction study we conducted with patients using the robotic
rehabilitation platform we developed (15), as well as focus-group
discussions we held with formal caregivers of individuals post-
stroke (51).

Fourth, the level of the stroke patients’ physical impairment
was not examined on an individual basis; it is, therefore,
unknown whether different impairment levels were represented.

Lastly, as in any focus-group discussion, it is possible
that not everyone felt comfortable expressing their genuine
thoughts and opinions, especially if they differed from the
rest of the group members’ views. It is possible that if
personal interviews had been conducted, different opinions
would have emerged.

Summary and Conclusions
We found that both population groups (patients and family
members) had a positive attitude toward using robotic
technology in rehabilitation; specifically, a platform that
provides a multi-modal intervention, combining cognitive and
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physical training. They thought that the SAR could motivate,
encourage, and help users commit to the long process of
rehabilitation, while stressing the importance of personalized
adaptation of the robot’s behavior to their needs. Participants also
noted that they would like the robot to have human-like qualities
alongside an authoritative personality to help users comply with
their exercise regimen. They thought the robot should be able to
react to the individual, provide proper feedback, guide, reflect,
demonstrate, converse, and express emotions. As many SARs
are designed to help users but do not provide this full range of
functionalities, we suggest that it is important to speak openly
to patients and their informal caregivers about their specific
goals and how they can fit within the range of abilities of the
assistive robot.

The participants in the focus groups opined that a SAR would
be effective at their rehabilitation facility as well as their home;
they expressed that the robot could help its users improve their
movement skills and give them additional ideas for activities,
freeing up blocks of time for the caregivers, thereby easing their
sense of burden. As the “care gap”—the gap between the care
that people need and what the healthcare system can offer them
(which only widened during the COVID-19 pandemic)—widens,
SARs offer patients additional training time in the clinic or at
home, and the caregivers generally seemed pleased with the
idea (88–91).

This study provided the informal caregivers with a rare
platform to express their views, thoughts, and opinions on
robotic technology for rehabilitation using qualitative tools,
which allowed them to shed some light on and delve deeper
into their own experiences. The informal caregivers may be
affected mentally, physically, and financially in a process that
could go on for years after the event. They hold first-hand
knowledge of the injury and the needs of the patient, which
is why it is important to collect and analyze information from
this population to get a fuller picture of how stroke patients
can be treated better and how the caregivers’ burdens could
be eased.

We hope that this work can serve as a basis for future works
developing technological tools for rehabilitation.

Future Recommendations
Further studies should test which factors have a greater effect
on the level of acceptance and use of the robot: factors that
derived from the individual as opposed to factors that derive
from the robot. It would be interesting to test whether the
age of the patients affects their acceptance and use patterns
of this technology, and whether these attitudes change over
time within a long-term interaction. Finally, it is important to
investigate the potential benefits and disadvantages of using a
SAR in the home and at the clinic, using a combination of

qualitative data collection with objective outcomemeasures, such
as clinical scores.
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Health, University of Ottawa Heart Institute, Ottawa, ON, Canada

Background: Rehabilitation is critical for reducing stroke-related disability and

improving quality-of-life post-stroke. Repetitive transcranial magnetic stimulation (rTMS),

a non-invasive neuromodulation technique used as stand-alone or adjunct treatment to

physiotherapy, may be of benefit for motor recovery in subgroups of stroke patients.

The Canadian Platform for Trials in Non-Invasive Brain Stimulation (CanStim) seeks to

advance the use of these techniques to improve post-stroke recovery through clinical

trials and pre-clinical studies using standardized research protocols. Here, we review

existing clinical trials for demographic, clinical, and neurobiological factors which may

predict treatment response to identify knowledge gaps which need to be addressed

before implementing these parameters for patient stratification in clinical trial protocols.

Objective: To provide a review of clinical rTMS trials of stroke recovery identifying

factors associated with rTMS response in stroke patients with motor deficits and develop

research perspectives for pre-clinical and clinical studies.

Methods: A literature search was performed in PubMed, using the Boolean search

terms stroke AND repetitive transcranial magnetic stimulation OR rTMS AND motor for

studies investigating the use of rTMS for motor recovery in stroke patients at any recovery

phase. A total of 1,676 articles were screened by two blinded raters, with 26 papers

identified for inclusion in this review.

Results: Multiple possible factors associated with rTMS response were identified,

including stroke location, cortical thickness, brain-derived neurotrophic factor (BDNF )

genotype, initial stroke severity, and several imaging and clinical factors associated

with a relatively preserved functional motor network of the ipsilesional hemisphere.

Age, sex, and time post-stroke were generally not related to rTMS response. Factors

associated with greater response were identified in studies of both excitatory ipsilesional

and inhibitory contralesional rTMS. Heterogeneous study designs and contradictory data

exemplify the need for greater protocol standardization and high-quality controlled trials.
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Conclusion: Clinical, brain structural and neurobiological factors have been identified

as potential predictors for rTMS response in stroke patients with motor impairment.

These factors can inform the design of future clinical trials, before being considered for

optimization of individual rehabilitation therapy for stroke patients. Pre-clinical models for

stroke recovery, specifically developed in a clinical context, may accelerate this process.

Keywords: repetitive transcranial magnetic stimulation, stroke, motor recovery, rehabilitation, prediction, review

INTRODUCTION

Repetitive transcranial magnetic stimulation (rTMS) is a non-
invasive neuromodulation technique with the potential tomodify
cortical excitability in localized brain regions directly under the
stimulation coil, as well as in distal brain regions connected to the
stimulation site (1). Brief electrical currents are induced through
strong magnetic fields (1, 2). By varying the number, frequency
and intensity of magnetic pulses, different effects can be induced
in the brain. Generally, low-frequency pulse rates of ≤ 1Hz
have inhibitory effects on underlying brain tissue by reducing
the excitability of neurons, whereas high-frequency pulse rates
≥5Hz have excitatory effects [see Ridding and Rothwell (3)
for a more detailed review]. Another rTMS protocol, theta-
burst stimulation (TBS), uses multiple short bursts of 50Hz
pulses (4). Depending on whether these pulse trains are applied
intermittently (iTBS) or continuously (cTBS), TBS can act as
either excitatory or inhibitory stimulus. rTMS is considered
safe, with the only common adverse effect being minor local
reactions, such as headache or scalp discomfort. Themost serious
adverse effect reported in literature is induction of generalized
seizures. The risk is however considered very low, even among
those taking drugs acting on the central nervous system (5).
Updated guidelines for the therapeutic use of rTMS to maximize
patient safety and minimize the risk of severe adverse events have
recently been published (5).

rTMS has been claimed to have benefits in a wide variety
of psychiatric and neurological conditions (3), however, major
unipolar depression and obsessive-compulsive disorder are
currently the only indications with FDA approval (6). The use
of rTMS as an adjunct to physical therapy for recovery of motor
function in stroke has received particular attention, due to the
high prevalence of stroke and residual disability of function, even
with current standard of care rehabilitation treatment (7). Two
general types of rTMS protocols are used in stroke rehabilitation
(Figure 1). In the first approach, excitatory high-frequency rTMS
stimulation is applied over the ipsilesional primary motor cortex
(M1) or adjacent brain areas. The mechanism by which this
promotes motor recovery over time is not fully understood, but
may involve strengthening of synaptic connections in descending
motor pathways (3). In the second approach, inhibitory low-
frequency rTMS is applied over contralesional M1, which
may reduce interhemispheric inhibition from the contralesional
M1 onto the ipsilesional M1, and thereby promote cortical
reorganization in the ipsilesional hemisphere.

Both excitatory and inhibitory rTMS protocols have
been shown to improve motor recovery in post-stroke

patients in the acute, subacute and chronic phase of
recovery (12–15). However, inter-individual variability in
response to rTMS treatment remains high, and evidence
regarding factors that may contribute to this variability
is fragmentary. Identifying factors causing this variability
is thus key to improve the identification of patients most
likely to benefit from rTMS treatment and to recruit more
homogeneous populations into clinical trials. The purpose
of this review is to identify potential predictive factors from
the literature which could be subject to future targeted
validation studies to inform implementation into clinical
trial protocols.

METHODS

A literature search was performed in PubMed for the
identification of articles published prior to July 2021. The
database was searched using the Boolean search terms stroke
AND repetitive transcranial magnetic stimulationOR rTMSAND
motor. Only full-text articles were considered for inclusion.
Studies were included based on the following inclusion criteria:
(1) diagnosis of ischemic or hemorrhagic stroke in human
subjects, (2) patients are reported to suffer from upper or
lower extremity deficits, (3) study assesses and reports upper
or lower limb motor function or associated electrophysiological
parameters before and after rTMS intervention, and (4) study
reports statistical analysis results (e.g., ANOVA, multivariate
regression model, etc.) of patient factors associated with
differential rTMS response. Both studies including rTMS as
a stand-alone treatment and those combining rTMS with
physiotherapy or occupational therapy programs were included.
Studies with patients of all age, sex and education level, as well
as patients in all phases post-stroke (acute, subacute, chronic),
were considered for study inclusion. Exclusion criteria included
non-therapeutic use of TMS and use of another invasive or non-
invasive neuromodulation technique (e.g., transcranial direct
current stimulation [tDCS]). Review articles, meta-analyses,
editorials, and guidelines, as well as articles not available in
English, French, or German were also excluded.

A total of 1,676 articles were found with this initial
search protocol. For article organization, the open-access review
software Rayyan was used (www.rayyan.ai). After removal of
duplicates, the titles and abstracts of remaining articles were
screened by two independent blinded raters (F.E.H. and J.W.A.),
to determine their relevance for the research question of this
review. After article screening, the results were unblinded.
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FIGURE 1 | A representation of the basic neurobiological model underlying rTMS as an adjunct treatment for stroke recovery. (A) After stroke, direct damage to the

primary motor cortex as well as inhibitory signaling from the contralesional motor cortex are both likely involved in lack of functional recovery (8–11). (B)

High-frequency (>5Hz) rTMS applied over the ipsilesional hemisphere strengthens the descending motor pathway, facilitating motor recovery. (C) Low-frequency

(<1Hz) rTMS applied over the contralesional hemisphere reduces inhibitory signals from the contralesional motor cortex, promoting beneficial cortical reorganization

and motor recovery (3). rTMS, repetitive transcranial magnetic stimulation. Anatomical images adapted from smart.servier.com.

Mismatched papers were reviewed by a third independent rater
(A.N.S.) and disagreements were resolved through consensus
(F.E.H., J.W.A. and A.N.S).

RESULTS

A total of 1,676 articles were identified, and with duplicates
removed, 1,673 articles remained to be screened for inclusion
by the two raters. The agreement between reviewers on study
inclusion was 98.2%, with a categorization mismatch in 30/1,673
articles (1.79%) and 18/1,673 (1.07%) articles identified for
inclusion by both raters before unblinding. After review of the
mismatched papers by the third rater, 26 articles with a total of
3,975 participants were identified as relevant and included in this
review (Figure 2).

Table 1 provides an overview of included studies, and
Figure 3 illustrates the variation in study design, rTMS protocol,
time post-stroke and number of sessions across studies. Half
of the included studies (13/26), encompassing a large majority
of the patient population, were single-arm, non-randomized
retrospective or prospective studies (21–32, 36). Eleven studies
included a sham-control condition either in a crossover or
parallel-group design (16, 20, 33–35, 37–42). Of the 11 sham-
controlled trials, only four were randomized, double-blind trials
(19, 20, 35, 38).

In terms of rTMS protocols, 10 studies used excitatory rTMS
(17, 21, 22, 33, 34, 36, 39) or iTBS (18, 37, 38) targeting
ipsilesional M1 (17, 18, 21, 22, 34, 36–39) or ipsilesional S1 (33),
with either a single session (18, 33, 34, 36, 37, 39) or a total of 10
sessions (17, 21, 22, 38) of intervention. A total of 13 studies used
inhibitory rTMS over contralesional M1, with a range from 5 up
to 30 intervention sessions (19, 20, 23–32, 41). Two studies used
both inhibitory contralesional, as well as excitatory ipsilesional
rTMS over M1 (35, 40), and a single study measured the effects of

a single session of excitatory contralesional rTMS on M1, dorsal
premotor cortex (dPMC), and anterior intraparietal sulcus (aIPS)
(16). rTMS/iTBS was either used as a stand-alone intervention,
paired with conventional physiotherapy/occupational therapy
respecting the core standards of practice or task-specific training
of the affected limb (e.g., index finger tapping).

Clinical assessment of motor outcome varied greatly, with
different studies using the Fugl-Meyer Assessment (FMA), Wolf
Motor Function Test (WMFT), Box and Block Test (BBT),
Barthel Index, index finger tapping frequency, maximal grip
force, reaction time tasks, and others. The timing of the motor
assessment also varied, with eight studies examining immediate
effects after a single rTMS session (16, 18, 32–35, 37, 39), 13
studies examining motor improvement after a prescribed series
of sessions (17, 19, 21, 24–31, 38, 41), and 5 studies examining
improvement from 1 week to 6 months after completion of rTMS
treatment (20, 22, 23, 36, 40).

For the purpose of this review, we defined acute stroke as <

2 weeks since stroke onset, chronic stroke as > 6 months since
stroke onset, and subacute stroke as falling in between these two
categories (12). Over half of the studies (16/26) included chronic
patients only (23–38), three studies included subacute, as well as
chronic patients (39–41), four studies included subacute patients
only (19–22), and three studies included acute patients (16–18).
The female tomale ratio of all patients included in the studies was
approximately 1:2 (males n= 2,596, 65.31%), with one study not
reporting the sex of participants (40).

Clinical Factors
Demographics
The majority of included studies described no association
between certain demographic variables, such as age and sex, and
treatment response (21, 22, 30–33). A single study of 12 chronic
stroke patients found that increasing age was correlated with
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FIGURE 2 | Study selection procedure. rTMS, repetitive transcranial magnetic stimulation.

less recovery of motor function, as reflected by less increase in
grip strength 1 h after a single session of excitatory rTMS over
ipsilesional M1 (36).

Time Post-stroke
rTMS was shown to promote increased motor function when
administered in the acute (<2 weeks), subacute (2 weeks−6
months), and chronic (>6 months) phase. Only a few
studies directly examined time since stroke as a covariate
for rTMS response and no association was found between
time post-stroke and motor recovery after rTMS intervention
(22, 30–32, 38). However, acute and subacute stroke patients
were underrepresented, with 73% of studies investigating
chronic patients.

Baseline Motor Impairment
Stroke patients with better motor function at baseline were
more likely to respond to rTMS in several studies applying
different rTMS protocols (29, 32). In a study by Emara et
al. (40) subjects with better baseline motor function showed
functional improvement, assessed by the Activity Index, after
inhibitory 1Hz rTMS over contralesional M1. In contrast,
patients with worse baseline function showed no improvement

(40). However, in the same study, when applying excitatory
5Hz rTMS over ipsilesional M1 in a different cohort, these
patients showed significant functional improvement following
the intervention regardless of their baseline motor function (40).
Recent clinical guideline recommendations indicate a superior
efficacy of inhibitory contralesional rTMS over excitatory
ipsilesional rTMS (12). However, in the study of Emara et
al. (40) more heavily affected patients responded to excitatory
ipsilesional rTMS only, which leads to this rTMS protocol
appearing more efficient.

Similarly, Hamaguchi et al. (27) retrospectively investigated
1,254 stroke patients who received inhibitory 1Hz rTMS over
contralesional M1. They reported that stroke patients with
severe and moderate initial motor impairment were more likely
than patients with mild initial motor impairment to show
improvement in the FMA after an rTMS intervention (27). The
authors suggested that functional improvement resulting from
rTMS based treatment is in general lower in patients with better
baseline function. However, in a more recent study, the same
research group retrospectively analyzed 1,716 stroke patients
receiving the same rTMS protocol (inhibitory 1Hz rTMS over
contralesional M1) and reported that the level of initial motor
impairment was not significantly associated with rTMS response
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TABLE 1 | Overview of studies included in this review.

References n Phase

post-stroke

rTMS protocol Study design Primary outcome

measures

Factors associated

with rTMS response

Hensel et al. (16) 13 Acute Excitatory 10Hz,

contralesional dPMC,

M1 & aIPS; single

session

Crossover (sham vs.

rTMS), single-blind,

randomized

Index finger tapping Connectivity between

frontal motor regions

and aIPS

Chang et al. (17) 44 Acute Excitatory 10Hz,

ipsilesional M1,

10 sessions

Parallel-group (Val/Val

vs. Met allele),

double-blind

FMA, BBT Val/Val BDNF

genotype

Di Lazzaro et al.

(18)

20 Acute iTBS, ipsilesional M1,

single session

Parallel-group (Val/Val

vs. Met allele),

double-blind

Changes in cortical

excitability (RMT, MEP,

AMT)

Val/Val BDNF

genotype

Kim et al. (19) 73 Subacute Inhibitory 1Hz,

contralesional M1,

10 sessions

Parallel-group (sham

vs. rTMS),

double-blind,

randomized

BBT Subcortical vs. cortical

involvement

Ludemann-

Podubecka et al.

(20)

40 Subacute Inhibitory 1Hz,

contralesional M1, 15

sessions

Parallel-group (sham

vs. rTMS),

double-blind,

randomized

WMFT, MESUPES,

index finger tapping,

cortical excitability

(MEP)

Lesion in dominant vs.

non-dominant

hemisphere

Chang et al. (21) 62 Subacute Excitatory 10Hz,

ipsilesional M1,

10 sessions

Single-arm FMA Val/Val BDNF

genotype, MEP

response at BL

Lee et al. (22) 29 Subacute Excitatory 10Hz,

ipsilesional M1,

10 sessions

Single-arm FIM, K-MBI Subcortical vs. cortical

involvement, aphasia,

mental status

Demirtas-Tatlidede

et al. (23)

10 Chronic Inhibitory 1Hz,

contralesional M1, 10

sessions

Single-arm FMA, WMFT, mAS,

hand grip strength

Integrity of

transcallosal fibers

Ueda et al. (24) 25 Chronic Inhibitory 1Hz,

contralesional M1,

12 sessions

Single-arm WMFT Cortical thickness

Ueda et al. (25) 30 Chronic Inhibitory 1Hz,

contralesional M1,

10 sessions

Single-arm FMA, WMFT, BRS Laterality index in

motor area

Ueda et al. (26) 25 Chronic Inhibitory 1Hz,

contralesional M1,

12 sessions

Single-arm FMA, WMFT Integrity of CST

Hamaguchi et al.

(27)

1,254 Chronic Inhibitory 1Hz,

contralesional M1,

15 sessions

Single-arm,

retrospective analysis

FMA BL residual hand

function

Tamashiro et al.

(28)

59 Chronic Inhibitory 1Hz,

contralesional M1,

21 sessions

Single-arm FMA, WMFT, mAS Hemispheric

dominance

Kakuda et al. (29) 52 Chronic Inhibitory 1Hz,

contralesional M1,

22 sessions

Single-arm,

retrospective analysis

FMA, WMFT BL residual hand

function

Kakuda et al. (30) 204 Chronic Inhibitory 1Hz,

contralesional M1,

22 sessions

Single-arm FMA, WMFT No effect of stroke

subtype

Tatsuno et al. (31) 1,716 Chronic Inhibitory 1Hz,

contralesional M1,

30 sessions

Single-arm,

retrospective analysis

FMA No effect of BL stroke

severity

Carey et al. (32) 12 Chronic Inhibitory 1Hz with

intermittent 6Hz

priming, contralesional

M1, 5 sessions

Single-arm Performance time in

single hand

component of TEMPA

PLIC volume, Beck

Depression Inventory

score

(Continued)
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TABLE 1 | Continued

References n Phase

post-stroke

rTMS protocol Study design Primary outcome

measures

Factors associated

with rTMS response

Brodie et al. (33) 22 Chronic Excitatory 5Hz,

ipsilesional S1, single

session

Parallel-group (sham

vs. rTMS), single-blind,

pseudo-randomized

Response time of

goal-directed

visuo-motor serial

targeting task

White matter volume

of ipsilesional S1

Uhm et al. (34) 22 Chronic Excitatory 10Hz,

ipsilesional M1, single

session

Crossover (sham vs.

subthreshold rTMS vs.

suprathreshold rTMS),

rater-blinded,

randomized

Cortical excitability

(MEP)

Val/Val BDNF

genotype

Kindred et al. (35) 14 Chronic Excitatory 10Hz,

ipsilesional M1 AND

inhibitory 1Hz,

contralesional M1, 3

sessions

Crossover (sham vs.

inhibitory rTMS vs.

excitatory rTMS),

double-blind,

randomized

Cortical excitability

(RMT, MEP), walking

speed

Structural connectivity

of CST via

tractography

Yozbatiran et al.

(36)

12 Chronic Excitatory 20Hz,

ipsilesional M1, single

session

Single-arm FMA, Barthel Index,

ARAT, hand grip

strength, 9-hole peg

test, motion range of

index finger and wrist

Age

Diekhoff-Krebs et

al. (37)

14 Chronic iTBS, ipsilesional M1,

single session

Crossover (sham vs.

rTMS)

JTT, index finger

tapping, hand grip

strength

Extent of CST

damage, inhibition

level from ipsilesional

M1, excitation level

from ipsilesional SMA

Lai et al. (38) 72 Chronic iTBS, ipsilesional M1,

10 sessions

Parallel-group (sham

vs. rTMS),

double-blind,

randomized

WFMT, Functional

Ability Scale, reaction

time task, index finger

tapping

BL residual hand

function

Ameli et al. (39) 29 Subacute +

chronic

Excitatory 10Hz,

ipsilesional M1, single

session

Crossover (sham vs.

rTMS)

Index finger tapping &

hand tapping

Subcortical vs. cortical

involvement, lesion

extension, fMRI

activity of lesioned

region

Emara et al. (40) 60 Subacute +

chronic

Excitatory 5Hz,

ipsilesional M1 OR

inhibitory 1Hz,

contralesional M1, 10

sessions

Parallel-group (sham

vs. contralesional

rTMS vs. ipsilesional

rTMS), randomized

Activity Index Subcortical vs. cortical

involvement, total

anterior circulation

stroke

Niimi et al. (41) 62 Subacute +

chronic

Inhibitory 1Hz,

contralesional M1, 22

sessions

Parallel-group (sham

vs. rTMS),

non-randomized

FMA, WMFT proBDNF level at BL

rTMS, repetitive transcranial magnetic stimulation; iTBS, intermittent theta-burst stimulation; M1, primary motor cortex; S1, primary somatosensory cortex; aIPS, anterior intraparietal

sulcus; dPMC, dorsal premotor cortex; PLIC, posterior limb of the internal capsule; SMA, supplementary motor area; CST, corticospinal tract; BDNF, brain-derived neurotrophic factor;

DTI, diffusion tensor imaging; fMRI, functional magnetic resonance imaging; MEP, motor-evoked potential; RMT, resting motor threshold; AMT, active motor threshold; FMA, Fugl-Meyer

Assessment; BBT, Box and Block Test; WMFT, Wolf Motor Function Test; MESUPES, Motor Evaluation Scale for Upper Extremity in Stroke Patients; FIM, Functional Independence

Measure; K-MBI, Korean version of the modified Barthel Index; mAS, modified Ashworth Scale; BRS, Brunnstrom Recovery Stage; TEMPA, upper extremity performance test for elderly;

ARAT, Action Research Arm Test; JTT, Jebsen Taylor Hand Function Test; BL, baseline.

(31). Patients with low to high levels of baseline motor capacity
showed significant motor improvement in the FMA after rTMS
intervention, and no significant difference was found between
patients with low or high baseline functioning (31).

Structural Imaging Factors
Subcortical vs. Cortical Lesion Location
The beneficial effect of rTMS for promoting motor recovery
in stroke patients has been suggested to be associated with the

specific lesion location (19, 39, 40). In general, stroke patients
with purely subcortical lesions and a spared cortex tend to
show greater beneficial effects of rTMS than stroke patients with
additional cortical involvement (19, 39, 40).

In a recent study by Kim et al. (19) 10 sessions of inhibitory

(1Hz) rTMS over contralesional M1 had a beneficial effect on
upper limb motor recovery in the BBT in stroke patients with
purely subcortical lesions. A significant improvement on the
Brunnstrom stage of the affected hand immediately after rTMS
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FIGURE 3 | Key details of included studies. Total number of studies n = 26. rTMS, repetitive transcranial magnetic stimulation; iTBS, intermittent theta burst

stimulation.

intervention and at 1-month of follow-up were reported in
the subgroup of subcortical stroke patients. In patients with
additional cortical involvement, no beneficial effects of rTMS
were seen (19).

In another study using a high-frequency rTMS protocol of
10Hz over ipsilesional M1, beneficial rTMS-effects on frequency
and amplitude of index finger tapping and hand tapping of
the affected hand were seen in 14 of 16 purely subcortical
stroke patients, while recovery was only seen in 7 of 13 patients
with additional cortical involvement (39). In fact, a slight, non-
significant dexterity deterioration of the affected hand was seen
after rTMS intervention in the latter group (39).

Emara et al. (40) applied excitatory rTMS (5Hz) over
ipsilesional M1 and reported a beneficial rTMS effect on
functional recovery, measured via the Activity Index, in
subcortical, as well as cortical stroke patients. In the same study,
a different set of patients received inhibitory 1Hz rTMS over
contralesional M1 and only patients with purely subcortical
lesions showed a beneficial rTMS effect. Patients with cortical
involvement did not respond to rTMS treatment. In this study,
the authors distinguished between total anterior circulation
stroke, partial anterior circulation stroke, posterior circulation
stroke and lacunar stroke, rather than specifying the exact
location of the lesion. Patients were categorized based on the
presence or absence of cortical lesion involvement as assessed
via MRI. The authors proposed that for the restoration of
interhemispheric balance through contralesional rTMS, an intact
ipsilesional cortex is a prerequisite, which is not given in
stroke patients with cortical involvement (40). However, this
proposition has to be considered carefully, as it is questionable
whether the ipsilesional cortex of a patient with a stroke in a non-
cortical area can truly be considered “intact,” due to the effects of
diaschisis (43).

All three studies examining the effect of lesion location on
rTMS response have shown that rTMS seems to have a more
beneficial effect in subcortical stroke patients than in patients
with additional cortical involvement. However, none of the three
studies adjusted their statistical analyses for lesion size. Future
studies need to control for lesion size to rule out that the more
beneficial rTMS effect in subcortical patients is not driven by an
overall smaller lesion size in those patients compared to patients
with cortical lesion extension.

Lesion Extension, Gray Matter, and White Matter
Several structural brain properties, such as lesion extension,
cortical thickness, and white matter (WM) characteristics have
been proposed to be associated with the degree of rTMS response
in stroke patients with motor deficits (24, 32, 33, 39, 40).

A negative association between lesion extension and rTMS
response was reported in a study applying excitatory rTMS over
ipsilesional M1 (39). In that study, a larger lesion extension
with involvement of cortical motor areas was related to poorer
motor improvement after rTMS intervention, as measured via
index finger and hand tapping. The influence of lesion extension
on rTMS response was supported in another study reporting
that patients with total anterior circulation stroke (i.e., a cortical
stroke affecting brain areas supplied by the anterior branches
of the middle as well as anterior cerebral artery resulting in
a large lesion volume) showed a significantly lower level of
motor recovery, measured using the Activity Index, after rTMS
compared to patients with partial posteriormiddle cerebral artery
stroke, posterior circulation stroke, and lacunar stroke (40).

Further, a positive correlation between cortical thickness
of the postcentral and supramarginal gyrus of the affected
hemisphere and improved motor recovery, assessed using the
WMFT, after rTMS intervention was reported in a recent study
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applying inhibitory 1Hz rTMS over contralesional M1 (24).
The lesioned hemisphere showed a significant thinner cortical
thickness compared to the unaffected hemisphere. However, this
association was only reported for cortical thickness but not for
the overall GM volume.

After excitatory rTMS over the ipsilesional primary
somatosensory cortex (S1), a positive correlation was observed
between residual WM volume of the ipsilesional S1 and motor
improvement of a goal-directed visuo-motor serial targeting
task (33). No association was found between the degree of
motor improvement and residual WM volume of ipsilesional
M1, residual GM volume of ipsilesional S1 and residual GM
volume of ipsilesional M1. In a combined linear regression
model including age and GM volume, as well as WM volume
of ipsilesional S1, 72% of the variance could be explained
(p = 0.042), while no statistical significance was reached when
excluding WM volume of ipsilesional S1 (r2 = 0.244, p =

0.376) (33).
The association between WM preservation and motor

recovery after rTMS was further investigated in a study using
low-frequency (1Hz) rTMS over contralesional M1. Each 1Hz
rTMS session was preceded by a session of 10min of intermittent
6Hz rTMS over the same motor hotspot (32). Priming the
motor hotspot with 6Hz stimulation was previously reported to
accentuate the effects of low-frequency rTMS in healthy subjects
(44). The authors found a positive association between the
preserved volume of the ipsilesional posterior limb of the internal
capsule (PLIC) and the level of rTMS response, as measured by
performance time in a single-hand component of the TEMPA
performance test. The preservation of other ipsilesional motor
network regions [i.e., M1, S1, premotor cortex (PMC) and
supplementary motor area (SMA)] was not associated with rTMS
response (32). However, this study from Carey et al. (32) is the
only one included in this review performing a priming prior
to the rTMS session. Primed rTMS is a rarely used approach
in the rTMS literature and its benefits over unprimed rTMS
remain unclear.

Connectivity and Functional Imaging

Factors
Corticospinal and Transcallosal Tract Integrity
Although stroke is classically described as causing neurological
deficits by affecting localized, specific brain areas (45), a growing
body of research demonstrates the importance of network effects
resulting from disruption of communication between distant
brain regions (46–48). Techniques such as diffusion weighted
imaging (DWI) or diffusion tensor imaging (DTI), correlations
between functional magnetic resonance imaging (fMRI) signals
in different regions, and assessment of the amplitude and latency
of motor-evoked potentials (MEPs) from TMS can be used to
assess the structural and functional connectivity of different
cortical and subcortical structures (48). Several studies applying
those techniques have found that the integrity of corticospinal
and transcallosal tracts are specifically associated with response
to rTMS (16, 23, 26, 35, 37).

Corticospinal tract (CST) integrity appears to be a particularly
important clinical marker for the ability to respond to rTMS
intervention. In a study of chronic stroke patients, Kindred et al.
(35) showed that higher baseline structural connectivity between
M1 and the CST, measured as the sum of streamlines assessed
by DTI, was positively associated with a greater decrease in
MEP latency after a single session of inhibitory or excitatory
rTMS. Similarly, Ueda et al. (26) demonstrated that certain
DTI measures of CST integrity (mean and radial diffusivity)
showed a positive correlation with motor improvement on the
FMA and WMFT after 12 sessions of inhibitory 1Hz rTMS
over the contralesional M1, although no correlations were seen
with other key measures, such as fractional anisotropy. A study
using a single session of excitatory iTBS over ipsilesional M1
showed a significant negative correlation between the degree of
CST damage and improvement of motor function in multiple
measures (i.e., Jebsen-Taylor Hand Function Test [JTT], index
finger tapping, hand grip) (37). CST damage was estimated based
on the individual lesion intersection volume, relative to the total
CST volume.

Baseline presence and strength of MEPs following TMS
stimulation of the motor cortex, an electrophysiological measure
that depends on CST integrity, has also been shown to be
significantly associated with improvement of motor function
after both excitatory iTBS and excitatory 10Hz rTMS (21, 22, 38).
Specifically, Chang et al. (21) found that patients who had an
MEP response at baseline were 2.14 times as likely to have
clinically meaningful motor improvement as assessed with the
FMA (p = 0.044) after 10Hz rTMS over ipsilesional M1 than
patients with no MEP response. They did, however, not find
an equivalent correlation between motor improvement and DTI
measures of CST integrity (21), suggesting that physiological
measures using single pulse TMS may be more sensitive than
current anatomical imaging measures.

A positive linear relationship was reported between motor
improvement (assessed with the FMA) after inhibitory 1Hz
rTMS over contralesional M1, and transcallosal fiber integrity
between contralesional M1 and ipsilesional M1 (23). Higher
fractional anisotropy values were associated with better motor
recovery, highlighting the crucial role of interhemispheric
communication for neural reorganization and motor recovery
after stroke.

Diekhoff-Krebs et al. (37) combined several fMRI, TMS and
clinical assessment parameters in amultivariate predictionmodel
to assess which parameters allow the best prediction of motor
improvement after a single session of excitatory iTBS over
ipsilesional M1. They came to the conclusion that dynamic causal
modeling (DCM) of endogenous connectivity parameters in a
motor network, consisting of bihemispheric M1, PMC and SMA,
and the clinical deficits assessed prior to stimulation with ARAT,
allowed the best prediction of motor improvement after iTBS,
explaining 82% of the variance (p = 0.016) (37). Those results
indicate that brain connectivity parameters and initial motor
function are stronger predictors for individual’s motor recovery
after iTBS than any TMS parameters, which did not further
improve the prediction model (37). However, this model has
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yet to be validated as a predictor of rTMS response in studies
evaluating long-term recovery.

Other Functional Imaging Factors
Baseline activity of motor areas, individual connectivity patterns
within the sensorimotor network prior to rTMS treatment,
and hemispheric dominance have been associated with motor
improvement after rTMS and can be measured via fMRI and
functional near-infrared spectroscopy (fNIRS) (20, 25, 28, 37, 39).

Initial activity of ipsilesional M1 prior to rTMS intervention
was positively correlated with motor improvement of index
finger tapping after excitatory rTMS over that area (39). At
baseline, patients that responded positively to rTMS showed
widespread blood oxygen level dependent (BOLD) activation
in the ipsilesional, as well as contralesional hemisphere
during movements of the affected hand in a task-based fMRI
design. The BOLD signal is a ratio between oxygenated and
deoxygenated hemoglobin and is therefore ameasure of neuronal
metabolism that is highly correlated with and often used
synonymously with neuronal activation (49). In contrast, patients
that did not respond to rTMS showed weaker neural activity
in both hemispheres, especially in ipsilesional M1, during
hand movement (39). In another study, Diekhoff-Krebs et al.
(37) reported that both stronger excitatory coupling between
ipsilesional M1 and ipsilesional SMA and stronger inhibitory
effects of ipsilesional M1 on contralesional M1 at baseline were
associated with better motor recovery (measured using JTT, hand
grip, and index finger tapping) following iTBS.

The individual activity of S1, PMC, and SMA prior to
treatment was also associated with motor outcomes after rTMS.
Patients with dominant neural activity of those motor areas
of the unaffected hemisphere had significantly better motor
recovery in the FMA, WMFT, and modified Ashworth Scale
after inhibitory contralesional rTMS compared to patients with
a dominant motor network activity in the lesioned hemisphere
(28). Hemispheric dominance was assessed by calculating
laterality indices based on changes in oxy-hemoglobin during a
motor task-based fNIRS assessment. Consistent with previous
fNIRS findings, a more recent fMRI study supports the more
beneficial effect of inhibitory rTMS over contralesionalM1 on the
FMA, WMFT, and Brunnstrom stage in patients with dominant
motor network activity in the unaffected hemisphere, in contrast
to patients with dominant motor network activity in the lesioned
hemisphere (25).

A stroke lesion in the hemisphere, representing the dominant
hand of the subject, was associated with poor motor recovery in
the sham condition as assessed by the WMFT, Motor Evaluation
Scale for Upper Extremity in Stroke Patients (MESUPES), index
finger tapping, and MEPs, but showed better motor recovery
after rTMS, as reported in a study using inhibitory rTMS over
contralesional M1 (20). In contrast, patients with a lesion in the
hemisphere representing the non-dominant hand, showed equal
motor recovery in the sham and the rTMS condition.

Genetic Factors
Brain-derived neurotrophic factor (BDNF) is a neurotrophic
protein involved in a variety of key neurological processes,

including memory consolidation and neuroplasticity (50). A
relatively common single-nucleotide polymorphism (Val66Met)
in the BDNF gene has been associated with decreased
neuroplasticity in response to TMS and TBS. This BDNF gene
polymorphism is thus a promising candidate for a negative
clinical predictive factor (51). Indeed, MEP amplitudes in
response to 10Hz rTMS over ipsilesional M1 were higher in
stroke patients homozygous for the Val-allele in contrast to
heterozygous patients or patients homozygous for the Met-
allele (34).

In a study of clinical motor improvement, Chang et al.
(17) reported significantly greater improvement in upper limb
motor function (FMA and BBT) at up to 2 months in Val/Val
patients following 10 sessions of 10Hz rTMS over ipsilesional
M1 vs. those with at least one Met allele. Similarly, they
reported in a separate study that patients with the Val/Val
genotype were 1.8 times more likely (p = 0.016, odds ratio:
6.05, 95% confidence interval: 1.39–26.27) to show improved
motor function using the FMA following 10 sessions of 10Hz
rTMS over ipsilesional M1 (21). Along the same lines, patients
with low baseline serum levels of pro-BDNF, the precursor form
of BDNF, were significantly more likely to respond to 1Hz
rTMS over contralesional M1 compared to patients with high
levels of pro-BDNF, as measured by the FMA and WMFT. This
was possibly due to having a greater proportion of activated
BDNF (41).

However, Niimi et al. (41) found no effect of BDNF genotype
on response to rTMS treatment in the FMA and WMFT in
a study of contralesional 1Hz rTMS. It thus appears that the
efficacy of ipsilesional rTMS protocols is affected more by the
Val66Met polymorphism.

Miscellaneous Factors
Several included studies investigated the effect of baseline
functional status and comorbidities, showing negative
correlations between rTMS efficacy in promoting motor
recovery and the presence of aphasia, a lower Mini-Mental State
Examination (MMSE) score (indicating lower function), and
a higher score on the Beck Depression Inventory (indicating
greater severity of comorbid depression) (22, 32).

DISCUSSION

The purpose of this review was to identify clinical, structural,
and neurobiological factors in human subjects that may
be associated with greater response to rTMS for stroke
rehabilitation. Factors most consistently associated with rTMS
response were biomarkers of structural and functional integrity
of motor networks whereas the role of clinical, demographic
and genetic factors is less certain (Figure 4). We discuss trends
and conclusions we can draw from the current literature
and how we can move further the state of knowledge,
specifically how the identification of potential predictors could
be accelerated by efficiently combining pre-clinical and clinical
research efforts.
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FIGURE 4 | Overview of variables associated with rTMS-induced recovery in stroke patients. Green represents variables being positively associated with rTMS

response, red represents variables being negatively associated with rTMS response, and gray represents variables showing no association with rTMS response.

Respective literature is specified in square brackets. BDNF, brain-derived neurotrophic factor; BOLD, blood oxygen level dependent; CST, corticospinal tract; MEP,

motor-evoked potential; M1, primary motor cortex; PLIC, posterior limb of internal capsule; S1, primary somatosensory cortex; WM, white matter; BL, baseline.

Predictive Factors for rTMS Response
Clinical and Demographic Factors
It is well known that older age (≥65 years) and female sex
increase the probability of severe deficits and poorer functional
outcomes in stroke patients in general (52, 53). Whether and
how these risk factors translate into a differential response to
specific rehabilitation interventions in general and specifically
to brain stimulation interventions remains unclear. The studies
reviewed here report heterogeneous effects of age and no
effect of sex on the response to TMS interventions. One
study reports a positive association between increasing age and
less recovery of motor function after rTMS (36). However,
increasing age is generally associated with worse baseline motor
impairment after stroke (54). Therefore, it needs to be further
investigated whether the reported negative association between
age and rTMS response remains significant after adjusting for
baseline motor impairment. None of the reported studies were
specifically designed or sufficiently powered to investigate the
role of age and sex on rTMS response. Specifically designing
future studies to directly examine potential effects of sex
and age on rTMS response might reveal associations that

may have been missed when including those parameters as
covariates only.

Not only the effect of age and sex, but also the impact of
baseline motor impairment remains uncertain based on the
reviewed studies. While most studies performing contralesional
inhibitory rTMS report better improvements in mild to
moderately affected patients (29, 32, 40), such a relationship has
not been established for other protocols. Two studies report no
effect of baseline impairment or even report better improvement
in more severely affected patients (27, 31). The impact of baseline
motor impairments on the potential efficacy of rTMS treatment
for stroke recovery is thus equivocal and it remains unclear
if results may be related to evaluation tools sensitivity and
ceiling effects.

Pre-clinical studies have provided clear evidence linking
cortical lesion volume and location, behavioral recovery and
reorganization in distant spared brain areas (55–57). After small
lesions in the motor cortex that induce mild deficits, there is a
decrease of cortical territory from which hand movements can
be elicited in both the ipsi- and contralesional hemisphere. In
contrast, more impaired animals with bigger lesions show larger
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motor representations in the same areas. Thus, the role of spared
motor areas, such as the contralesional M1, and consequently
the effect on recovery of rTMS treatment targeting these motor
areas, are very likely to vary based on lesion characteristics
and impairments. In fact, when considering the impact of these
factors on the physiological reorganization of spared motor areas
in animal studies, one could predict that a given treatment (i.e.,
1Hz inhibitory protocol over the contralesional M1) should
have opposite effects in mildly and severely affected patients. It
has been shown for example that excitatory stimulation of the
contralesional cortex in rats with corticospinal tract lesions favors
anatomical rewiring and behavioral recovery (58). Excitatory
stimulation of the contralesional hemisphere may thus be the
preferred approach in cases where lesions largely or completely
disconnect the ipsilesional hemisphere from the contralateral
spinal cord.

Integrity of Motor Network
Several aspects of structural and functional motor network
integrity appeared throughout the reviewed studies as areas in
which further research may be able to identify robust predictive
factors (Figure 4). Specifically, a relatively preserved ipsilesional
M1 with its intra- and interhemispheric connectivity seems to
be related to a favorable rTMS response. Stroke can lead to a
disruption of neural signal transmission due to changes in axon
diameter and changes in the myelination of white matter tracts
(39). It has been hypothesized that this disruption of structural
and functional connectivity may hinder the propagation of
rTMS-modulated cortical activity from the site of stimulation
throughout the motor network (39, 42, 59). A certain degree
of preserved descending white matter projections, as well as
functional motor network connectivity, may thus be needed
for rTMS-induced changes in neural activity to manifest into
improved motor behavior (39). The importance of white-matter
integrity for recovery is also supported by pre-clinical data. In
monkeys, the extent of recovery of hand and digit function
correlates to both white and gray matter volume damage (60).
However, recovery is slower after brain injuries that include
frontal white matter in comparison to lesions of similar or
even greater volumes, but restricted to gray matter (60). For
the assessment of structural network integrity with respect to
rTMS response, white matter markers thus appear to be more
important than markers of gray matter. Not surprisingly, large
lesions and the presence of extensive cortical damage limit the
effect of TMS (as would be the case with any rehabilitation
intervention). However, for less extensive or mainly subcortical
lesions, measures of WM integrity such as WM volume of
the CST, the internal capsule or transcallosal fibers seem to be
better markers.

Transcallosal fiber integrity between contralesional M1 and
ipsilesional M1 has a positive linear relationship with motor
improvement, assessed via the FMA, after inhibitory 1Hz
rTMS over contralesional M1 (23). Fractional anisotropy (FA),
a diffusion tensor imaging-based parameter reflecting the
orientation of white matter fiber bundles by measuring water
diffusivity, was used to examine microstructural damage of
transcallosal motor fibers between ipsilesional and contralesional

M1. Higher FA values were associated with better motor
improvement after rTMS (23), reflecting a potential predictive
role of the integrity of the corpus callosum in rTMS response.
Several other studies have reported lower corpus callosum FA to
be associated with poorer motor outcomes (61–65), highlighting
the important role of transcallosal fiber integrity in motor
recovery and interhemispheric reorganization post-stroke.

Future studies specifically targeting the predictive role of
transcallosal fiber integrity in rTMS-elicited motor improvement
are necessary. A systematic review from Bertolucci et al.
(66) specifically looked at interhemispheric effects after stroke,
assessed with TMS, and the relationship with motor recovery.
The authors suggest that the modulation of transcallosal
inhibition could be of benefit for stroke patients with good
residual motor function and strong interhemispheric inhibition,
but less for patients with poor residual motor function and weak
interhemispheric inhibition (66). For assessment of transcallosal
fiber integrity, two electrophysiological TMS approaches have
been used: (a) the ipsilateral silent period (iSP) of single TMS
pulses, in which a longer iSP duration and a higher iSP
magnitude represent more transcallosal fiber damage, and (b) the
TMS double pulse paradigm (66). The measurement of TMS-
induced electrophysiological response with a combined TMS-
EEG technique provides an alternative approach for assessing
interhemispheric inhibition and transcallosal fiber damage (67).

Several of the identified studies in this review showed that
patients with purely subcortical stroke were more likely to have
a greater response to rTMS intervention than patients with
cortical involvement. In cortical stroke, intracortical inhibition
is suppressed (42, 68). Reduced inhibition in the ipsilesional
hemisphere drives a downregulation of inhibitory activity in
the contralesional hemisphere through axonal connections (69).
The loss of intracortical inhibition is associated with enhanced
excitatory activity in the immediate neighborhood of the cortical
lesion (68). Those changes in inhibitory as well as excitatory
mechanisms in the cortex might play a role in the inferior
rTMS response in patients with cortical stroke compared to
patients with subcortical stroke (19, 39). However, it needs to be
taken into account that some rTMS studies report no significant
association between lesion location and motor improvement
after rTMS intervention in stroke patients (21, 30, 38).

These findings highlight that our current understanding of
the effects of lesion location and volume on rTMS treatment
efficacy is still quite limited. These interactions are likely to be
very complex given the heterogeneity of lesion characteristics
across patients. They might therefore benefit from pre-clinical
studies that can better isolate and dissect the variables
involved. As stated above, lesion location and volume affect the
physiological reorganization in distant areas, within the ipsi- and
contralesional motor network. Thus, perhaps the most reliable
biomarkers of the effectiveness of rTMS approaches will be based
on assessment of the functional state of spared areas in the
motor network.

Only a few studies examined the predictive role of functional
imaging on rTMS response. An association between stronger
overall BOLD activation at baseline (39), as well as stronger
intrahemispheric excitatory coupling between motor areas (37)
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and rTMS response, have been reported in two studies using
fMRI. An association between dominant neuronal activity in
the unaffected in contrast to the lesioned hemisphere and
rTMS response has been shown in an fNIRS study (28) and
was confirmed in another fMRI study (25). The number of
studies using functional neuroimaging techniques such as fMRI
and fNIRS for rTMS response prediction is limited and more
studies are needed in order to draw solid conclusions from
these findings.

Three studies reported that stroke patients with the presence
of motor-evoked potentials (MEPs) of the paretic first dorsal
interosseous muscle (FDI) (21, 38) or the abductor pollicis brevis
muscle (APB) (22) after single-pulse TMS at baseline are more
likely to have clinically meaningful motor improvement after
rTMS intervention than patients with no initial MEP response.
The presence or absence of MEPs informs about the functional
integrity as well as cortical excitability of the motor network and
the cerebrospinal tract (21, 22, 38).

BDNF and Synaptic Plasticity
The only genetic factor for rTMS response investigated was
the presence of the Val66Met BDNF polymorphism, which was
shown in several studies to be negatively associated with motor
response to excitatory ipsilesional rTMS (17, 21, 34). Given the
known role of BDNF in brain plasticity (50) and the theorized
importance of modifying synaptic connections in the rTMS-
aided recovery process from stroke (70), it is reasonable that a
loss-of-function mutation in this gene would be associated with
a smaller response to the treatment. This concept is strengthened
by the evidence that a greater proportion of activated BDNF in
the circulation seems to be associated with greater response to
rTMS (17, 21).

This association between BDNF genotype and rTMS response
has however not been confirmed in a separate study utilizing
inhibitory contralesional rTMS (41). Some evidence from pre-
clinical studies in rats seems to suggest that non-invasive brain
stimulation may directly increase the expression of BDNF,
facilitate neurogenesis (71) and enhance BDNF affinity for
tyrosine receptor kinase B (TrkB), a neurotrophin receptor
(72). This would result in a direct modulation of synaptic
plasticity mediated by BDNF-TrkB-NDMA receptors (73). Such
mechanisms may be of greater relevance in the perilesional
cortex, but much less so in the contralesional unaffected cortex.
If so, they would provide a pathophysiological rational for a
possible link between the stimulation protocol and the specific
genotype effect. Further research will be needed to ascertain if
this association between genotype and rTMS protocol is valid and
TMS studies in animal models may be a more efficient way to
reliably demonstrate this specific interaction than clinical trials.

Stand-Alone vs. Combined rTMS Approach
The majority of studies included in this review (n = 19/26)
used some form behavioral intervention in addition to rTMS.
Standardized physical or occupational therapy was used in 13
studies (19, 21, 24–31, 38, 40, 41) and 6 studies combined rTMS
with task-specific training (e.g., index finger tapping practice,
visuomotor serial targeting task) (16, 20, 32, 33, 35, 39). Only 7

studies used rTMS as stand-alone therapy without any additional
behavioral intention (17, 18, 22, 23, 34, 36, 37). Up to date, no
study directly investigated, if the value of potential predictive
factors for rTMS response differs depending on whether rTMS
is used in a stand-alone or a combined approach.

Basic neuroimaging studies on the effect of non-invasive brain
stimulation on cerebral activity seem to suggest that amodulatory
effect of non-invasive brain stimulation on cerebral activity is
caused by the interaction of stimulation and physiological
recruitment of cortical neuronal activity. In a previous
neuroimaging study of the motor system, it has been shown that
tDCS stimulation alone has no effect on cortical activity but
inhibitory or excitatory modulation was demonstrated in healthy
subjects while simultaneously performing a motor task (74).
Similar physiological neuromodulatory effects have also been
reported for the language system, where a change in cerebral
blood flow as surrogate marker of cortical activity was only
observed as interaction between rTMS and a verb generation
task, but not when applying rTMS alone (75).

Based on those findings, it is reasonable to assume that the
potential predictive factors reported in this review apply more
to rTMS used in a combined approach than rTMS as a stand-
alone intervention. Since the literature evidence for rTMS as
stand-alone therapy is inconclusive, it has been recommended for
future studies to combine rTMS with some form of standardized
therapy given to sham as well as intervention groups to
minimize variability arising from non-standardized forms and
doses of therapy and clearly isolate the add-on effect of brain
stimulation (12).

Limitations of Existing Data
Only a few large, controlled studies that investigate predictive
factors for rTMS response in stroke patients with motor deficits
currently exist. More than half (14/26) of the included studies
had a small sample size (n ≤ 30), and more than 60% (16/26)
of studies had no sham control condition. Only three of the
included studies were randomized controlled trials with an
adequate control group. Difficulties with patient recruitment,
feasibility, and financial resources make carrying out these
studies difficult. The lack of large, controlled trials limits
the conclusions that can be drawn from the data, especially
with the heterogeneity of study design and large variability
in methodology.

rTMS protocols used in the included studies varied regarding
stimulation frequency and intensity, targeted brain region,
stimulated hemisphere, and number of therapeutic sessions
(ranging between 1 and 30). All these factors are known to affect
the extent of cortical excitation, and presumably underlying
molecular mechanisms (76–78). Besides heterogeneous study
protocols and designs, the inclusion and exclusion criteria
for patient selection also varied between studies. Some
studies excluded patients with aphasia, cognitive impairment,
comorbidities, or ongoingmedication usage, while in others these
patients were included. While pre-clinical studies examining
these factors are sparse, they can have effects on rTMS protocol
efficacy. For example, the cognitive state of aged rats prior to the
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rTMS protocol was shown to affect the impact of the treatment
on behavioral performance (79).

Additionally, outcome measures and timing of assessment
varied greatly between studies. While some studies measured
motor activity immediately after a single rTMS session, others
measured motor improvement after finishing the whole set
of rTMS sessions. Five studies investigated long-term effects
of rTMS by assessing the recovery status at 1 up to 4
follow-up appointments, between 1 week up to 6 months
after rTMS treatment (20, 22, 23, 36, 40). However, time
interval between rTMS intervention and follow-up session,
motor outcome measures as well as statistical tests in data
analyses strongly varied. All these factors can be considered
as potential biases. Most studies used clinical assessment tools
for evaluation of motor function. However, other studies
used change in cortical excitability through resting motor
threshold (RMT), MEP and active motor threshold (AMT) as
surrogate for motor function. Clinical assessment of motor
function included among others the FMA, WMFT, BBT, Barthel
Index, index finger tapping frequency, maximal grip force,
and reaction time tasks. However, it should be noted that
the majority of these tests measure the degree of motor
impairment. Only four studies (22, 36, 38, 40) used evaluations
of restriction in activities and participation, which is often
a more relevant measure for a patient’s daily functioning
(80). Future studies should use measures of both motor
impairment and evaluations of restriction in activities and
participation in daily life, in order to better quantify the benefit
of rTMS intervention for patients. In particular, they should
include standardized measures of sensorimotor recovery after
stroke (81).

It should also be noted that 25/26 included studies examined
upper limbmotor function, while only a single study assessed gait
and lower limb function (35). The lack of studies assessing the
effect of rTMS on lower limb performance post-stroke needs to
be addressed in future studies.

Finally, in some of the included studies, rTMS was used
as the sole intervention (17, 18, 22, 23, 34, 36, 37) without
concurrent physiotherapy, occupational therapy or specific task-
based training. In animals, treatments that promote plasticity
and recovery after central nervous system injuries are typically
more effective when combined with rehabilitation (82). All of
these widely differing design parameters across the studies make
it difficult to directly compare findings and interpret the results
as a unified whole.

This review includes two retrospective studies with a large
stroke patient population of n = 1,254 (27) and n = 1,716
(31). However, both studies were conducted in the same
research group and included patients from the same data
pool, receiving inhibitory 1Hz rTMS over contralesional M1.
When investigating differences in potential predictive factors
between different rTMS protocols, it has to be taken into
account that the two above-mentioned studies account for
nearly 75% of the total patient population included in this
review, leading to an over-representation of the inhibitory
contralesional rTMS protocol and the potential repetition
of data.

Over half of the included studies in this review (14/26)
were conducted by research groups in Japan and South Korea,
demonstrating the leading contributions of these nations in
rTMS research. As only studies in English, French, or German
were considered for inclusion in this review, relevant studies
published in other languages may have been missed.

Finally, it must be stated that it was not the purpose of this
paper to provide a comprehensive and systematic review of all
possible predictive factors, but rather to identify factors that may
be good candidates to be further explored in targeted studies. As
such the scope of the review was limited to only one database.

Future Perspectives
The high variability in study design and rTMS parameters
between studies reveals the importance of standardization and
homogenization of rTMS trials in the future. Findings can only
be compared properly if study design and rTMS parameters,
such as stimulation intensity and frequency, number of sessions,
targeted brain area and hemisphere, and outcome measures
are consistent between studies. To ensure such standardization,
the design of future rTMS trials in stroke patients with motor
deficits should be informed by expert consensus such as
the CanStim consensus recommendations for rTMS in upper
extremity motor stroke rehabilitation trials (12) regarding patient
population, rehabilitation interventions, outcome measures, and
stimulation parameters.

Similar expert recommendations are available e.g., for the use
of kinematic and kinetic movement quantification tools as well
as qualitative measures of motor performance of the upper limb
as developed by the Second Stroke Recovery and Rehabilitation
Roundtable (83).

This review has revealed several knowledge gaps that should
be addressed in future clinical trials. BDNF genotype has been
shown to be associated with motor recovery after excitatory
ipsilesional rTMS, but not after inhibitory contralesional rTMS.
Future clinical trials need to address the differential response to
these two procedures in patients with BDNF polymorphism and
reveal potential associations between applied rTMS protocol and
BDNF genotype.

As the majority of stroke patients included in this review
were in the chronic phase (73%, Figure 3), more studies in acute
and subacute stroke patients are needed to further investigate
predictive factors for rTMS response on recovery in those
earlier stages post-stroke, specifically since stroke rehabilitation
in most health care systems is provided during these early phases.
Moreover, in the majority of patients in this review, the effect of
rTMS on recovery was assessed immediately after finishing all
intervention sessions. Follow-up assessment of motor function
was only performed across a few trials. Future trials should ensure
that patients are monitored longitudinally to potentially identify
associations between predictive clinical and imaging baseline
factors and longitudinal motor outcomes.

Finally, perhaps the most disconcerting realization at this
stage of implementation is the apparent lack of understanding
of the mechanisms through which rTMS protocols can increase
recovery after stroke. We believe that it is likely that pre-clinical
research may be the most needed and useful to answer these
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questions. For example, it was recently shown that high-
frequency rTMS can reduce apoptotic cell death and promote
neuronal sprouting of cortical projections in mice after stroke
(84). Using invasive methods, animal models can also inform
about the effects of rTMS on the neural network activity and how
these effects may vary following different types of strokes. These
efforts will need to include models that reflect the complexity of
the human sensorimotor cortical network (85, 86). Treatment
parameters and selection criteria for human trials could thus
be based on the directly measured effects of rTMS on the brain
in suitable pre-clinical models rather than behavioral outcomes
derived from clinical observations. In our view, such a systematic
approach, could accelerate the translation process and make it
more efficient because only such selection criteria are subject to
clinical evaluation which are based on valid pathophysiological
mechanisms with documented rTMS effects on
the brain.

While it is unlikely that a single parameter will be sufficient to
separate stroke patients likely to benefit from rTMS intervention
from patients likely not to show rTMS response, the ultimate goal
would be the development of a multivariate predictive model for
rTMS response in stroke patients with motor deficits in order
to optimize patient selection for specific rTMS interventions. By
combining multiple predictive factors that may individually have
low-to-moderate predictive ability, a more complete individual
prediction model for rTMS response can be developed. The
multivariate models developed by Diekhoff-Krebs et al. (37) for
behavioral iTBS response combined endogenous connectivity
parameters and clinical deficits at baseline and explained 82% of
variance. Further development of such models, including other
potential predictive factors identified in this review could enable
a scoring system to be developed and validated for likelihood
of response to rTMS, facilitating patient selection for clinical
trial purposes.

However, it also needs to be considered that imaging
techniques such as DWI/DTI, fMRI, and fNIRS are time-
consuming and expensive procedures and thus difficult to
implement in clinical settings. To be clinically useful, potential
predictive factors should be easily determinable, preferably
through routine structural imaging or blood lab tests.

A first attempt for a potential algorithm could be more
general predictive scores for stroke recovery, such as the Predict
Recovery Potential 2 (PREP2). This algorithm has a relatively
good predictive accuracy (>70%), and can be calculated with
clinical measures such as Shoulder Abduction and Finger

Extension (SAFE) score and NIHHS score combined with TMS
MEP measurements, thus allowing for calculation even when
MRI or more complex imaging techniques are unavailable (87).
Exploring the ability of modified versions of such algorithms to
predict response to rTMS specifically may be another direction
for further research.

CONCLUSION

This review evaluated evidence for demographic, clinical, and
neurobiological factors to distinguish stroke patients with motor
deficits who are more likely to respond to rTMS intervention.
Purely subcortical lesions, factors associated with an at least
partially preserved ipsilesional motor network (undamaged
M1, proper intra- and interhemispheric integrity of M1, well-
preserved WM volume under the site of stimulation, and PLIC
volume), as well as cortical thickness, motor network dominance
in the unaffected hemisphere, and the absence of the Val66Met
BDNF polymorphism are promising predictive factors. Based on
the high variability in rTMS protocol and experimental design
between studies, these findings need to be further investigated
and confirmed in future research.
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Current approaches to treatments for word processing impairments in aphasia

emphasize two components to target, the linguistic content, semantic or phonological

representations of words, and the processing component, access to and retrieval of

those representations. In this study, we explore these two components of a treatment

to improve lexical activation that supports access and retrieval of word representations.

Five people with aphasia participated. The treatment task was repetition of concrete

word pairs after a 5-s response delay which was intended to provide practice in

maintaining activation of the words for that 5-s period before reproducing them. Two

of the five participants demonstrated a difficulty in maintaining activation of single words

in repetition, with accuracy decreasing significantly after the 5-s interval. The treatment

was applied to all participants, however, to determine if its benefit was specific to

those with the activation maintenance impairment. Results confirmed that the activation

maintenance treatment in the context of this repetition task led to more treatment gains

for the two participants who demonstrated this specific impairment. They made gains

on four of the nine measures compared to improvements on one to two measures

for the other participants. A second question addressed in this study was the relative

importance of the item component (linguistic content) of the treatment and the processing

component, maintenance of activation. To that end, there were two conditions of

treatment probes, (1) repeated content for all treatment, immediate post-treatment and

3-month maintenance probes and (2) novel content for probes in these three phases of

treatment. Only one participant showed significant improvement in treatment when items

were novel for all probes. We discuss the possibility that this outcome reflects a more

specific deficit in the temporal processing component of lexical activation compared to

the two other participants who showed better performance on probes with repeated

items in treatment and post-treatment phases. Clinical implications of this study and

directions of future research are discussed.

Keywords: impaired lexical activation, verbal short-term memory, temporal processing of words, aphasia

treatment, word processing treatment
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INTRODUCTION

Some current theories of language and aphasia incorporate a
central role of short-term memory (STM) in lexical (word)
processing, which is realized as short-term maintenance of
semantic (meaning) and phonological (sound) representations of
words over the course of word retrieval. The interactive activation
(IA) model of word retrieval (1) postulates two components of
lexical activation that support word processing: rate of activation
spread (connection rate) and its maintenance (activation decay
rate). Dell and colleagues (2–4) have hypothesized that word
retrieval difficulties in aphasia are due to impairment of these
activation components. Reduced connection strength slows the
speed of activation transmission and the need for more time
to access a word’s representation. Increased rate of activation
decay impairs the short-term maintenance of an activated word
representation. The activation impairment can affect primarily
transmission or maintenance or a combination of the two
parameters. Martin and Dell (5) showed that the nature of
impairment is most readily apparent when a response delay
is added to a task. In picture naming or word repetition, for
example, adding a 5-s response delay will result in three patterns
of response compared to a 1-s response delay: increased accuracy
(slow transmission benefits frommore time to respond), reduced
accuracy (poormaintenance leads to too-fast decay of activation),
or no change in accuracy (combination of impairments to
maintenance and transmission parameters). This account is
supported by behavioral and computational studies linking the
IA model with picture naming and word repetition data from
people with aphasia (3–5). In this study, we use the IA model as
a framework for a treatment that targets one of the processing
components of word retrieval, activation maintenance. Below,
we discuss several features of this model that are relevant to
this endeavor.

Directional Flow of Activation in the IA
Model
We have targeted activation maintenance processes in the
contexts of repetition [[5]; (6)] and naming tasks (7), both
commonly used tasks in treatments of word retrieval disorders in
aphasia. Thus, it is useful to consider how the flow of activation
across levels of representation in the IAmodel of word processing
differs for these two tasks. Figure 1 shows a depiction of the
semantic-lexical-phonological network for word processing in
the IA model. Also in this figure are two abstracted depictions
of the pathways of activation spread through this network in
word repetition and word production (e.g., picture naming).
Apart from the overlap of pathways for these two tasks at the
output stage (between the lexical and phonological networks),
they differ in the type of information that initiates the activation
flow and subsequent stages of activation. Repetition begins
with auditory input that activates phonological representations
of words. Though it gains support through feedforward -
feedback activation of lexical and semantic representations as
well, it can proceed directly to phonological output stages of
production (as in the repetition of non-words). Word production
(as in picture naming or self-initiated utterances) follows a

path that begins with the concept to be named, moving first
through activation of item specific semantic features, which
converge on the target lexical (word form) representation,
and activate other words to a lesser degree. Activation from
each of these activated nodes in the lexicon spreads forward
to corresponding sound representations in the phonological
network. This activation feeds back to the lexical network,
reinforcing word representations that are activated by semantic-
lexical activation and activating anew other words that share the
sounds activated in the phonological network.

The directional flow of activation is important to designing
treatment tasks that target particular connections that are
impaired. For example, if input pathways between the lexical and
semantic levels of representation are impaired, repetition might
not be effective unless it includes stimuli that strongly promote
access to semantic representations (e.g., categorically related
items). In addition to stimuli considerations, the prominence of
activation from one level to another differs depending on the task.
In repetition, it is the phonological-to-lexical connections that
dominate, while in naming it is the semantic-lexical connections
that dominate. The strengths of these connections in relation
to levels of impairment (semantic or phonological) should be
considered when designing treatment tasks to promote better
access to and maintenance of words.

Why Should We Treat Processing
Components of Word Access and
Retrieval?
Treating lexical activation processes (e.g., activation
maintenance) provides a complement to treatments that
target the psycholinguistic content of words (e.g., semantic
or phonological). Psycholinguistic approaches add greater
precision to treatments compared to early approaches that
focused on language abilities (e.g., naming or repetition). And
yet, there remains an ongoing challenge of accounting for
inconsistent responses to such treatments despite efforts to
match the semantic or phonological content to the semantic or
phonological impairment [e.g., (8)]. This has been successfully
addressed in a recent treatment approach to improve naming
that uses two treatment tasks, retrieval practice that addresses
semantic-lexical connections and repetition practice that
addresses the lexical-phonological connections in naming (9).

In keeping with the theme of this special issue, this study
evaluates effects of two components of a treatment that combines
lexical priming with activation maintenance. Using a repetition
task, the treatment targets the ability to maintain activation of
word representations directly, via a response delay manipulation
and in a second treatment condition, combines this response
delay with repetition priming of the words to be repeated. The
results suggest that both the linguistic content and processing
components of treatment impact the access and retrieval of
words for participants, but that these two components may not
have equal impact depending on the participant’s profile. This
will be discussed further in the General Discussion, but we
emphasize here, that a deeper understanding of the processes that
support access to and retrieval of words (activation transmission
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FIGURE 1 | Depiction of the interactive activation semantic-lexical-phonological network for word processing plus two abstracted depictions of the directional flow of

activation spread through this network in word repetition and word production.

vs. maintenance) and their impairment will lead to more
refined treatments that target both the linguistic and processing
components of language ability and more precise matching of
impairment to treatment. Below, we discuss some background
empirical studies leading to the current study.

Treatments Targeting Impairment of
Activation Maintenance Processes in
Aphasia
The hypothesis that the ability to maintain activation of word
representations is impaired in aphasia has motivated clinical
applications including diagnostic tools that address effects of
increased short-term and working memory load on language
processing (10–13) and a growing number of treatments that
target short-term maintenance of activation directly (6, 14–17).
Here, we report a modified version of a short-term activation
maintenance treatment that is embedded in a repetition task,

repeating single and multiple word sequences following a
response delay. In a previous study (14), we used a single set
of items for training, items that would not be trained and
probe items. Outcomes of that treatment study were mixed.
Repetition improved mostly for the treated stimuli, with limited
generalization to untrained items. There was improvement
on outcome measures, including single and multiple word
processing tasks as well as verbal working memory tasks and
verbal spans.

Martin et al. (6) noted that using a single set of items for
training, generalization to untrained items and probe items,
as Kalinyak-Fliszar et al. (14) did, introduced the potential
influence of repeated item exposure on acquisition of trained
items. This confound makes it difficult to attribute effects of
the treatment exclusively to effects of the verbal short-term
maintenance component of the delayed repetition task. To
control for the item-exposure variable, Martin et al. (6) used
unique items in all phases of the treatment (baseline, training,
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within and post-treatment probes). The aim was to minimize
the effects of repeated exposure and thus isolate the effects
of the verbal maintenance treatment on performance of the
treatment task as well as generalization to verbal tasks that were
similar to the treatment task (near-transfer tasks, e.g., repetition
span) and others that were less similar (far-transfer tasks, e.g.,
picture naming).

Additionally, in the Martin et al. (6) version of this verbal
“short-term maintenance” treatment, stimuli were customized
for each person based on their performance on screening tasks
which involved repetition of concrete and abstract single words,
word pairs and word triplets after intervals of 1-s, 5-s, and 10-
s. The screener identified the “brink accuracy” of repetition,
meaning the combination of variables (stimulus type, sequence
length, and interval time, 1-, 5- or 10-s) where performance
falters but leaves room for improvement. Based on the results of
that screener, we enrolled participants who varied widely in the
stimuli used for repetition training (e.g., concrete pairs at a 10-
s delay, or abstract word triplets at a 5-s delay). The treatment
was designed for individuals who demonstrated an impairment
in the short-term activation of words, but Martin et al. (6)
included both people with and without this deficit in the sample.
This would help to determine whether the treatment’s effect
was specific to an activation maintenance deficit or was more
general. The results suggested that the treatmentmight be specific
to a maintenance impairment: Four of the eight participants
who demonstrated an activationmaintenance impairment before
treatment showed modest acquisition effects coupled with gains
in language outcome measures, near transfer tasks that were
similar to the training task (e.g., repetition span) and to a lesser
degree, far transfer tasks that were less similar to the training
task (e.g., naming). The four participants who did not show
an activation maintenance impairment before treatment did not
improve on the treatment task and showed minimal or no
generalization to outcome measures.

Themodest acquisition effects inMartin et al. (6) were striking
in comparison to those observed in the Kalinyak-Fliszar et al. (14)
study using the activation maintenance treatment (repetition +

response delay). As discussed above, one important difference
between the two studies was that Kalinyak-Fliszar et al. did
not control for repeated exposure of trained items. Following
the pattern of typical single subject designs, sets of trained and
untrained items were chosen and were exposed in probes and
in training sessions. The modest acquisition effect when item
exposure was minimized suggests that this variable played a
role in the outcomes of the Kalinyak-Fliszar et al.’s (14) study.
However, the treatment protocol in that study also included a
cueing procedure at the start of each training trial in addition to
the response delay manipulation. Therefore, we cannot rule out
that this contributed to the improvements observed in that study.

The Present Study
In this study, we sought to elucidate some of the issues
surrounding item exposure in treatments to improve short-term
maintenance of lexical activation. Following Martin et al. (6),
we used novel items for the treatment task but for the probe
items, we used a combination of novel and repeated items. To
highlight effects of item exposure in this treatment study, we

made some adjustments to the treatment stimuli and procedures
from earlier studies to bring this variable into focus. Rather
than customize the stimuli for the repetition treatment to each
individual’s repetition and verbal span ability, we limited the
stimuli for training to concrete word pairs following a 5-s
response delay. This adjustment was intended to simplify the
procedures somewhat, since our primary focus was on differences
in the acquisition and maintenance of repeated vs. unrepeated
(novel) word pairs in the probe task. Additionally, we used
concrete words rather than abstract words because of their
easier access to semantics (18) and their simpler phonological
composition (19). By minimizing potential difficulties in retrieval
of the semantic or phonological components of the words,
we aimed to minimize this potential confound with effects of
repeated exposure of word stimuli. We also aimed to control for
span size of each participant so that repeating word pairs would
be within their span size and that their span size would not be
much>2 words. Concrete word repetition spans ranged from 1.2
to 3 words (details in Table 3).

Additionally, we aimed to provide further evidence that this
repetition-based treatment to improve short termmaintenance of
lexical activation will bemost effective for those who demonstrate
the activation maintenance deficit. As in Martin et al. (6),
participants demonstrated different language impairments but
also showed different patterns in word repetition accuracy
following a response delay. We predicted that those whose
repetition was less accurate following a response delay would be
most responsive to this treatment.

The following are our research questions for this treatment
protocol that uses uniquely exposed words as training stimuli in
a delayed word pair repetition paradigm:

1. Will effect sizes for word pairs that are repeated across all
probes be greater than effect sizes for word pairs that are
unique in each probe?

2. Will performance on outcome measures improve after
this treatment?

3. Will improvements on outcome measures be most robust
for those participants who show a maintenance deficit
in repetition?

In a post-hoc analysis, we review accuracy scores of the
participants on selected subtests of the Temple Assessment of
Language and Short-term memory in Aphasia [TALSA; (10)]
that assess the effects of time interval on performance, including
naming, repetition of words and non-words. The tasks that
include a time interval between stimulus and response are similar
to the training task and therefore might indicate some pattern of
performance that is consistent with the participants’ responses to
the treatment.

METHODS AND MATERIALS

Research Design
We used a single subject treatment design including the
following phases: baseline assessment, treatment, post-treatment
assessment, and a 3-month post-treatment follow-up.
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TABLE 1 | Biographical information.

ID Sex Age MPOa Education in years Etiology WAB-Rb aphasia quotient WAB-R aphasia classification

CN39 M 53 63 10 Left MCAc CVAd 76.3 Transcortical Motor

KC3 M 57 192 14 Left MCA CVA 77.4 Transcortical Sensory

KG62 M 54 111 14 Left MCA CVA 66.3 Broca’s

KK55 M 61 126 17 Left MCA CVA 78.7 Anomic

XH46 M 50 45 7 Left MCA CVA 73.1 Conduction

aMPO, months post-onset.
bWAB-R, Western Aphasia Battery-Revised (20).
cMCA, middle cerebral artery.
dCVA, cerebral vascular accident.

TABLE 2 | Effects of response delay and memory load word processing: proportion correct by participants on subtests of the Temple Assessment of Language and

Short-term Memory in Aphasia (TALSA).

TALSA subtest

Participant Naming Word repetition Non-word repetition Rhyming triplets Synonymy triplets

Participant

ID

1-s delay 5-s delay 1-s delay 5-s delay 1-s delay 5-s delay Low memory load High memory load Low memory load High memory load

CN39 0.71 0.77 0.91 0.91 0.38 0.47 0.97 0.90 0.90 0.90

KC3 0.72 0.79 0.89 0.89 0.24 0.29 0.87 0.70 0.83 0.58

KG62 0.50 0.59 0.56 0.67 0.13 0.11 0.90 0.77 0.80 0.68

KK55 0.81 0.82 0.98 0.84 0.53 0.27 0.93 0.73 0.90 0.83

XH46 0.43 0.56 0.91 0.71 0.56 0.38 0.83 0.70 0.70 0.60

Participants
Biographical Information
Five participants with aphasia were enrolled in the treatment
study after meeting criteria on a screener. All five participants
were male and at least 1 year post-onset a left hemisphere stroke.
Ages ranged from 50 to 61 (Mean = 55, SD = 4.18), time post
onset ranged from 45 to 192months (Mean= 107.4, SD= 57.84),
and education level ranged from 7 to 17 years (Mean = 12.4, SD
= 3.91).WAB-R (20) Aphasia Quotients ranged from 66.3 to 78.7
(Mean = 74.36, SD = 4.96). Biographical information for these
participants is presented in Table 1 and includes the individual
Aphasia Quotients.

Subjects voluntarily enrolled in this study by signing a consent
form approved by the Institutional Review Board at Temple
University. All testing and treatment took place from 2017 to
2018 at the EleanorM. Saffran Center for Cognitive Neuroscience
at Temple University.

Screening Procedures
Evidence of a Repetition Impairment
To identify people that would be appropriate for this study,
we adapted one of the Auditory Processing subtests from the
Psycholinguistic Assessments of Language Processing in Aphasia
[PALPA, (21)] to create a repetition screener. Stimuli for the
screener were a mix of 1-, 2-, and 3-syllable words arranged so
that each string included two words, was four syllables in length
and all strings were balanced for low or high frequency. Scores

were determined by string accuracy and then a percentage was
derived. Anyone with a score of 80% accuracy or greater on the
word pairs after a 5-s delay was considered at ceiling and did not
continue with the treatment. To ensure a participant was able to
complete the task of repetition of word pairs, they were required
to get at least one pair correct tomove forward with the treatment
(see Supplementary Figure 1).

Word Processing Abilities With Response Delay and

Memory Load Manipulations
Table 2 shows performance on five subtests from the Temple
Assessment of Language and Short-term memory in Aphasia
[TALSA; (10)] including picture naming, word and non-word
repetition and two working memory tests involving judgment
of synonymy and rhyming. Details of the stimuli can be
found in Martin et al. (10). We will focus first on the
word and non-word repetition subtests that will determine
whether participants demonstrated an activation maintenance
impairment in repetition. Recall that worse performance after
a delay signals difficulty in maintaining activation long enough
to achieve or sustain access to semantic and phonological
representations of a word. Better performance on a task after a
response delay indicates that activation is slow to rise and a time
delay benefits performance. The treatment task is repetition of
word pairs after a 5-s response delay. Two participants, KK55
and XH46, show a decline in repetition accuracy after a 5-s
interval for both words and non-words. The other participants,
CN39, KC3, and KG62, show similar accuracy rates on the
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1- and 5-s delay conditions or in one case, greater accuracy on
the 5-s condition. By this measure, KK55 and XH46 represent
the repetition profile that is well-suited to this treatment using
repetition after a response delay. If treatment gains are limited
to these two individuals, this will provide additional evidence
that the activation maintenance treatment is most effective
when applied to individuals who demonstrate the activation
maintenance impairment.

There are a few other noteworthy observations regarding the
performances of KK55 and XH46 (Table 2). KK55’s performance
on all of the naming, repetition and working memory tests is
higher or amongst the highest of the group at the 1-s interval. It
is at 5-s that his performance falters. In naming, XH46 improves
after 5 s, a hallmark of an activation transmission deficit. This
suggests that his word processing deficit includes both activation
maintenance and transmission components, with the latter
impacting naming more than repetition. Consistent with this
he achieved higher scores on tests that tap into phonological
ability (repetition and rhyming judgments) compared to those
that probe semantic abilities (naming and synonymy judgments).
Finally, the Rhyming Triplets and Synonymy Triplets investigate
the ability to judge similarity of meaning and sound under
high and low working memory conditions. All five participants’
scores decline in the high working memory load condition
(with one exception, CN39 on the synonymy triplets). This is
a common pattern on these two judgment tasks for people
with aphasia and to a lesser extent, neurotypicals (22). KK55,
one of the two participants who demonstrated the activation
maintenance deficit profile for repetition, scored at a high level
for both rhyming and synonymy triplets in the low memory
load condition. However, in the high memory load condition,
his performance declines considerably and more so for the
rhyming triplets, which tap into phonological processing. XH46’s
performance on these two judgment tasks is lower than KK55 and
at the low end for all participants in bothmemory load conditions
and in both rhyming and synonymy triplets.

Stimuli Development
Stimuli for all baselines, probes, post-treatment probes, and
other lab-developed assessments discussed further in this paper
were derived from Brysbaert et al. “Concreteness ratings for
40 thousand generally known English word lemmas” (23). We
selected only nouns and further reduced the list to include only
1-, 2-, and 3-syllable words. We excluded homophones and other
words that the research team felt were inappropriate for our
purposes (e.g., “slang” words). To identify concrete and abstract
words, we set a criterion of 0.75 standard deviation from the
mean of concreteness ratings. Words with ratings of 4.03–5
were considered concrete and words with ratings 1.44–2.77 were
considered abstract. We used ∼1,900 concrete and 200 abstract
1–4 syllable words.

Baselines and Probes
All words were further controlled for frequency using
SUBTLEXWF (Subtitle frequency: word form frequency)
(24) with ratings limited to between 1 and 25 per million. Once
we identified a corpus of words, we developed baselines and

probes. The following criteria were set: repeated pairs remained
consistent across each probe. The words in a pair could not be
semantically related or strongly associated. Additionally, the
words in a pair could not share the same initial phoneme, final
phoneme, or stressed vowel. We attempted to follow the criteria
for phonological similarity as closely as possible for all probes.

We also controlled as much as possible other shared features
of words within a probe list, such as balancing for number of
animals or food items in each probe and considered phonological
features as well by attempting to balance for words ending with
/o/, /r/, and /l/ within a single probe. All words were then
controlled for phonotactic probability. For baselines, probes and
post-treatment probes, concrete word pairs were always 5- or 6-
syllables in total, with the 5-syllable strings being combinations
of 2- + 3-syllable and 3- + 2-syllable words. For each probe list
of 20 pairs, 15 of the strings were repeated and five strings were
novel for each of the three (or four) baselines, eight probes, three
immediate post-treatment probes, and two maintenance probes
for a total of 16 probes throughout the treatment.

Treatment
All words chosen for the treatment lists were not used in any
of the other lab-developed tests. Since the words developed
for the treatment were not used for scoring purposes, criteria
for word choice were less strict. SUBTLEXWF ratings for
treatment stimuli did not have an upper limit. There was a
wider range of frequencies that allowed for anything >25.
To increase the number of concrete 3-syllable words, we
included some compound words and some pseudo-repetition
(kayak/kayaker, balloon/balloonist).

For treatment lists, all concrete word pairs were made of 5-
and 6-syllable strings, with the 5-syllable strings balanced in 2-+
3-syllable and 3- + 2-syllable word combinations. Words were
not semantically related within a line. It was more difficult to
control for shared initial or final consonant or stressed vowel
in each line, but since these were treatment lists, this was not
considered to be as essential as with the probe lists.

Pre- and Post-treatment Assessments and
Outcome Measures
The language and short-term memory assessments described
below were administered immediately before treatment,
immediately after treatment and 3 months following the
completion of treatment to assess maintenance (except
for the discourse task which is only reported for pre- and
post-treatment). These assessments are described below.

Concrete and Abstract Word and Word Sequences

Repetition Test
This laboratory-developed assessment (6) was used to evaluate
improvement of word repetition ability. This version included
eight repetition conditions that varied the number (pairs, triplets)
and concreteness (concrete/abstract) of words and the response
delay time (1-s or 5-s) resulting in eight combinations: Concrete
Pairs 1-s, Concrete Pairs 5-s, Concrete Triplets 1-s, Concrete
Triplets 5-s, Abstract Pairs 1-s, Abstract Pairs 5-s, Abstract
Triplets 1-s, and Abstract Triplets 5-s.
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For each condition, we administered 20 pairs of words (used
only in that condition) that were balanced for syllable length
within the pair or triplet and within the condition. Pairs were
made up of five syllable strings that were balanced into 2- + 3-
syllable combinations and 3- + 2-syllable combinations. Triplets
were made of 7- and 8-syllable strings. The 7-syllable strings were
balanced into combinations of 2- +2- +3-syllables, 2- + 3- + 2-
syllables, or 3- + 2- + 2-syllables. Finally, the 8-syllable strings
were balanced into combinations of 2-+ 3-+3-syllables, 3-+ 2-
+ 3-syllables or 3- + 3- + 2-syllables. Administration of these
forms was pseudo-randomized so that duplicated conditions
were not given on the same day (e.g., concrete pairs with a 1-
s response delay was not given on the same day as concrete
pairs after a 5-s response delay). All stimuli criteria listed above
for lab-developed tests also applied in the development of these
test forms.

Concrete Immediate Serial Recall Span Test
This laboratory-developed test was adapted from the span test we
used in the first version of this treatment study (6), using most of
the same words but in rearranged order. For this version, we had
word strings ranging from one to six words with 10 trials for each
list length. Words within a string appeared only once. All stimuli
criteria listed previously were also used for developing this test.

Word Pointing Span
Each participant received a Word Pointing Span task that was
developed as part of the Temple Assessment of Language and
Short-termMemory in Aphasia (TALSA) (10). This was included
to determine if the treatment improved the ability to maintain
activation of verbal representations. Using the pointing span
paradigm allows assessment of this ability in the context of
a comprehension (word-to-picture-matching) task, without a
verbal response.

Corsi Block Span Task
We administered this spatial span task as ameasure of non-verbal
span (25, 26). If the effect of our treatment is on verbal processing
and short-term memory only, there should be little or no change
in non-verbal span.

Comprehensive Aphasia Test (CAT)
The following subtests of the CAT (27) were administered:
Comprehension of Spoken Language (Spoken Words, Spoken
Sentences, and Spoken Paragraphs) as well as the NamingObjects
subtest under Spoken Language Production.

Discourse
We administered the Nicholas and Brookshire (N&B) (28)
elicitation protocol as this is shown to be a reliable pre-/post-
measure of discourse.

Protocol
Testing was administered by three individuals; a licensed clinical
and research speech-language pathologist and two post-doctoral
fellows with a Ph.D. in speech and language pathology, one of
whom also was a licensed clinical speech-language pathologist.
The treatment schedule was prepared a priori on a calendar

to ensure administration uniformity among testers. One of
the research speech-language pathologists who was involved in
administering the first version of this treatment (JS) provided
training to the other two testers (JO, IM) before the start
of administration.

Pre-treatment Assessment Battery
All language tests listed above were given over 5–6 sessions
concurrent to administering baselines.

Probes
Baseline probe administration began during the pre-treatment
assessment battery. Probe trials consisted of 20 word pairs of
concrete nouns, 15 repeated across probe trials and five pairs that
were unique to each probe trial. On a probe trial, the participant
listened to a word pair and when cued after 5 s, repeated the
word pair in the order that it was presented. The probe task
was administered at the beginning of each session. At least
three baseline probes were administered with an optional 4th
baseline probe for any participant who demonstrated a change of
>15 percentage points on any of the first three administrations.
During the treatment phase, probes were administered at the start
of eight out of nine treatment sessions, with the exception of the
first session, in which no probe was administered. There were also
three immediate post-treatment probes (these probes occurred
within 1 to 2 weeks following the completion of treatment) and
two maintenance probes administered 3 months after treatment.

Control Task
A linguistic and non-linguistic control task was administered
following each probe during baseline, treatment, post-treatment,
and maintenance phases. The linguistic control was the 24-
item non-word reading list from the PALPA (21). Because this
treatment is intended to promote a verbal-STM process that
is fundamental to all language tasks, it was difficult to choose
a linguistic control task that we would expect to not improve
following this treatment. However, we also expect that the
benefits of this treatment will vary depending on the degree
of overlap between processes and representations engaged in
the training task (repetition with a response delay) and those
engaged in a task targeted for generalization. Generalization of
positive effects to other tasks can be classified as near transfer
or far transfer (6, 29). The non-word reading task would be
considered a far transfer task relative to the repetition training
task, though we submit that this does not preclude the possibility
of performance on this task improving following this treatment.

For a non-linguistic control we used the Five-Point Test
(5PT) (30). This test requires participants to generate designs
using different combinations of dots and lines. We used this
measure to test the hypothesis that improved performance on the
outcome measures could be attributed to improved maintenance
of lexical activation and not to a more domain general cognitive
processing ability.

Timing of Response Delays and Periodic Rest Breaks
E-Prime 2.0 software (31) was used to present stimuli
electronically to facilitate the clinician’s monitoring of the timing
of stimulus presentation rate (words within sequences) and the
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timing of response delays (1-s and 5-s). Natural transitions served
as breaks between each task. In addition, breaks were offered if
clinical judgment determined it was needed or the participant
requested a break.

Treatment
Treatment took place over nine sessions, three sessions per week
for 3 weeks. The treatment protocol was repetition of 40-word
concrete pairs after a 5-s delay. Participants listened to a word
pair and waited for a beep cue, which occurred when 5 s had
passed. They would then repeat the words in the same order they
were presented. Timing and beep cues were programmed into E-
prime for accuracy. Treatment stimuli consisted of balanced 2-
and 3-syllable words in pairs all of which were novel.

Each session began with a 20-item list probe of concrete pairs
(15 repeated strings and 5 novel) followed by a linguistic and
non-linguistic control task, the order of which was alternated
each session. An example of a probe form is included in the
Supplementary Materials.

Treatment began after the treatment probe and two control
probes were administered. The treatment and probe tasks were
the same: the participant listened to a concrete word pair, waited
5-s until a cue to respond, and then repeated the word pair as
accurately as possible. Again, an E-Prime program was used to
control for the clinician’s presentation rate of the word pairs
and the 5-s response delay condition. Each day’s treatment was
broken into two cycles. Each cycle consisted of two sets—Set A
and Set B. Each set consisted of 10 pairs.

Scoring
Accuracy of Word Production
The criteria for accuracy of word production in all probes and
all outcome measures was 100% phoneme accuracy. We accepted
distortions of phoneme production as long as the phoneme was
recognizable. We also accepted regionalisms. For example, it is
common in the Philadelphia area to pronounce “ambulance” as
/æmb?læns/ so this was considered correct.

Scoring of the Probe Tasks
Sessions were audio recorded and following each session, the
examiner listened to the sound file to score the responses.
Four scores were calculated from the word pair probe data, all
expressed as percentages correct:

1. Strings correct in serial order (String ISO). This occurred
when the participant produced both words in the pair
correctly and in the same order they were presented. The score
for each trial could be 0 or 1 out of 1.

2. Strings correct in any order (String IAO). This occurred when
the participant produced both words in the pair without
regard to order. Score for each trial could be 0 or 1 out of 1.

3. Words correct in serial order (Words ISO). This was a
measure of the total items in the word pair produced correctly.
Score for each trial could be 0, 1, or 2 out of 2.

4. Words correct in any order (Words IAO). This was a measure
of the total items in the word pair produced correctly without
regard to order. Score for each trial could be 0, 1, or 2 out of 2.

So, if the target is recipe, arcade and the response after the beep is
“recipe, arcade,” that word pair would be scored as 1 out of 1 for
String ISO/String IAO and 2 out of 2 for total Words ISO/IAO.
In another example, if the target is thunder, coconut and the
response after the beep is “thunder, /kodekenet/, coconut” that
would be considered 0 out of 1 for String ISO as it was not
completely correct but would receive a 1 out of 1 for string IAO,
1 out of 2 for total words ISO and 2 out of 2 for total words IAO.
See Supplementary Materials for a probe that is filled in using
this scoring method.

Reliability
For the probe task, reliability was evaluated by having a trained
undergraduate volunteer serve as a second scorer. For probes,
each participant had one baseline, one immediate post-test, and
one maintenance probe randomly selected for rescoring, which
was∼17.65% of the total amount of probes administered to each
person. Substantial agreement was seen for strings ISO (kappa=
0.688) scoring for probe responses (32).

Statistical Analyses
To address Research Question 1, we calculated effect sizes
across word pair types and time points using linear mixed-
effects regression. Specifically, binomial regression was used to
regress accuracy on the two predictors of interest as well as
their interaction. The regression models were fit in R with
the package lme4 [version 1.1-26; (33)]. A separate model
was fit to each individual participant’s data, with fixed effects
for Time Point (Baseline, Immediate post-treatment, 3 months
post-treatment, simple coded with Baseline as the reference
level), Word Pair Type (Repeated and Novel, coded +1/-1), the
interaction between Time Point and Word Pair Type, and a
random intercept by-items. Accuracy on the two control tasks
(PALPA Non-words and 5-Point Test) were analyzed in the same
way, except the regression was fixed-effects only, with the only
regressor being Time Point (and so themodels were fit in the base
R package stats [v. 4.0.5, (34)]. Effect sizes are all reported as odds
ratios (OR).

To address Research Question 2, the various outcome
measures were either scored and compared against established
benchmarks, as described in the Results, or else were analyzed
with regression similar to the approach described for Research
Question 1. Specifically, the laboratory-developed Concrete
and Abstract Word and Word Sequences Repetition Test was
analyzed with (binomial) fixed effects regression, with regressors
for Time Point, Delay (1-s vs. 5-s), String Size (Pairs vs. Triplets),
and Word Type (Concrete vs. Abstract; each of these categorical
variables had their levels coded as +1/-1. The interactions
between Time Point and each of the other regressors were also
included. Therefore, a single regression model (per participant)
provided estimates and p-values for the “main effect” of Time
Point, as well as whether that effect differed under the various
conditions. For example, the interaction of Time Point X Delay
tested whether any changes from pre-treatment to immediate-
post treatment (or from pre- treatment to 3-months post-
treatment) were different for words tested at 1-s vs. 5-s. Only
significant interactions with Time Point were followed-up with

Frontiers in Rehabilitation Sciences | www.frontiersin.org 8 February 2022 | Volume 3 | Article 824684102

https://www.frontiersin.org/journals/rehabilitation-sciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/rehabilitation-sciences#articles


Martin et al. Treatment of Lexical Activation Impairment

comparisons to report condition-specific changes in accuracy
across time (e.g., a significant interaction of Time Point X Delay
was followed up with a test of Time Point at 1-s delay and
Time Point at 5-s delay), using the R package emmeans [v.
1.5.5-1; (35)].

Discourse was evaluated pre-treatment and post-treatment.
The Discourse elicitation protocol described by Nicholas and
Brookshire (28) was used to evaluate the connected speech
of each participant. All 10 samples from the Nicholas and
Brookshire (28) protocol were used and included single picture
descriptions (4), sequential picture descriptions (2), procedural
discourse samples (2), and personal narratives (2). Results of
the 10 samples were totaled for each participant. The primary
discourse outcome was the proportion of correct information
units (CIUs). CIUs are words that are accurate and relevant to
the stimuli and not repeated (28). The proportion of CIUs was
calculated by totaling the number of CIUs across all 10 discourse
samples divided by the total number of words produced in all 10
discourse samples for each participant. Additionally, number of
words, number of CIUs and mazes (false starts and filled pauses
in discourse) were evaluated for each participant. Discourse
transcription was completed by trained research assistants. Point-
to-point reliability was evaluated for 17% of transcripts with
93.5% agreement. Transcription reliability was determined by
dividing total agreed upon words, utterances, false starts, filled
pauses, and silent pauses (pauses >2 s) over the total number
possible. Point-to-point coding reliability was also evaluated for
48% of transcripts. Agreement for words was 99.4% (total agreed
upon words over total words) and agreement for CIUs was
89.9% (total agreed upon CIUs over total CIUs). The primary
discourse outcome (%CIUs) was evaluated using the benchmark
of change greater than twice the standard error of the mean
(4.2%) established by Nicholas and Brookshire (28) and used to
evaluate change in %CIUs after treatment (36, 37).

To evaluate Research Question 3, we examined the
performances of all five participants on the treatment probes
as well as outcome measures, to determine whether those
participants who demonstrated a maintenance deficit in
repetition benefited from the treatment more so than those who
did not.

RESULTS

Research Question 1
Figures 2–6 show the results of baseline, treatment, post-
treatment, and follow-up probe trials for each participant. The
results are expressed as proportions of strings correct ISO
and IAO (2a-6a) and proportions of words correct ISO and
IAO (2b-6b).

The first research question asked whether treatment effect
sizes for word pairs repeated across all probes would be greater
than effect sizes for word pairs that are unique in each probe?
“Overall” effects refer to collapsing across pair Type (Repeated
and Novel). An odds ratio (OR) < 1 indicates a decrease in
accuracy, whereas an OR > 1 indicates improvement. An OR
equal to exact 1 indicates no change whatsoever. Strings ISO
refers to the proportion of word strings recalled accurately in

serial order.Words ISO refers to the proportion of words recalled
within strings and in serial order.

Effect Sizes for Changes on Probes From

Pre-treatment to Immediate Post-treatment and to 3

Months Post-treatment
Summaries of the results for each participant on the treatment
measures are provided below.

CN39
For baseline to immediate post-treatment, across the two
outcome measures (Strings ISO, Words ISO), Overall ORs
ranged from 1.6 to 2.2, canonical small effects (38). Of those, only
Words ISO (OR= 2.20) was marginally significant (p≈ 0.06); all
other effects were not significant, p’s > 0.10. The ORs for Novel
pairs, ranging from 1.8 to 2.7, were numerically larger than those
for Repeated pairs, ranging from 1.3 to 1.8. However, there were
no significant differences between Novel and Repeated pairs,
p’s > 0.10.

For baseline to maintenance (3 months post-treatment),
Overall ORs ranged from 1.3 to 2.1. None of the effects, however,
were significant (p’s > 0.10). The ORs for Novel pairs, ranging
from 1.6 to 5.1, were numerically larger than those for Repeated
pairs, ranging from 0.8 to 1.4. However, there were no significant
differences between Novel and Repeated pairs, p’s > 0.10.

KC3
For baseline to immediate post-treatment, Overall ORs ranged
from 0.5 to 1.1, none of which were significant (p’s > 0.10).
However, large and significant differences emerged between
Novel and Repeated pairs. The ORs for Novel pairs ranged from
0.04 to 0.5, with String ISO (OR = 0.04) showing a marginally
significant decrease in the odds of a correct response (p ≈ 0.06).
The ORs for Repeated pairs ranged from 2.4 to 6.9. Results
for Repeated pairs indicated significant improvements with a
medium effect for Words ISO and a large effect for String
ISO. The differences between Novel and Repeated pairs were
significant for both of these outcome measures (p’s < 0.05).

For baseline to maintenance, the pattern was largely the
same, with non-significant decreases in accuracy on Novel pairs
(ORs 0.07–0.5, p’s > 0.10), but significant maintenance of
improvement on Repeated pairs with large effect sizes (ORs 3.5–
17.4, p’s < 0.01). The differences between Novel and Repeated
pairs were significant for Strings ISO and Words ISO.

KG62
For baseline to immediate post-treatment, overall ORs ranged
from 0.8 to 1.6, none of which were significant (p’s > 0.10). The
effects were numerically more positive for Novel pairs (ranging
from 1.0 to 2.2) than Repeated pairs (ranging from 0.6 to 1.2).
However, none of the effects or differences between Novel and
Repeated pairs were significant (p’s > 0.10).

For baseline to maintenance, the pattern was largely the
same: no significant changes on either Novel or Repeated pairs
(ORs 0.5–1.0, p’s > 0.10) and no significant differences between
the two.
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FIGURE 2 | CN39: Proportion of word strings (A) and words (B) correct in baseline, treatment, post-treatment, and 3 months follow-up probes.
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FIGURE 3 | KC3: Proportion of word strings (A) and words (B) correct in baseline, treatment, post-treatment, and 3 months follow-up probes.
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FIGURE 4 | KG62: Proportion of word strings (A) and words (B) correct in baseline, treatment, post-treatment, and 3 months follow-up probes.
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FIGURE 5 | KK55: Proportion of word strings (A) and words (B) correct in baseline, treatment, post-treatment, and 3 months follow-up probes.
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FIGURE 6 | KK55: Proportion of word strings (A) and words (B) correct in baseline, treatment, post-treatment, and 3 months follow-up probes.
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KK55
For baseline to immediate post-treatment, Overall ORs ranged
from 3.2 to 3.9, medium effects, all of which were significant (p’s
< 0.01). The effects were of very similar magnitude for Novel
pairs (ranging from 2.8 to 4.0) and Repeated pairs (ranging from
3.2 to 3.9), with no significant differences between the two (p’s
> 0.10).

For baseline to maintenance, Overall ORs ranged from 1.3 to
1.9, small effects, none of which were significant (p’s > 0.10). The
effects were numerically larger for Novel pairs (ranging from 1.2
to 2.9) than for Repeated pairs (ranging from 1.2 to 1.7), however
none of the effects were significant nor were they different from
each other (p’s > 0.10).

XH46
For baseline to immediate post-treatment, overall ORs ranged
from 1.3 to 1.6, none of which were significant (p’s > 0.10).
Effects for Novel pairs ranged from 0.7 to 1.1, none of which
were significant (p’s > 0.10). However, effects for Repeated pairs
ranged from 1.5 to 3.5, with significant improvement for Strings
ISO and Words ISO (p’s < 0.01). The difference between Novel
and Repeated pairs was marginally significant for String ISO (p
≈ 0.8), driven by significant improvement for Repeated pairs but
(non-significant) declines for Novel pairs.

For baseline to maintenance, overall ORs ranged from 1.2 to
2.2, none of which were significant (p’s > 0.10). Effects for Novel
pairs showed non-significant declines (ORs 0.6–0.7), whereas
effects for Repeated pairs (ORs 2.4–6.6) showed improvements
that were significant for Strings ISO and Words ISO (p’s < 0.05).
The difference between Novel and Repeated pairs for Words
ISO was marginally significant (p ≈ 0.06), driven by significant
improvement on Repeated pairs and (non-significant) declines
on Novel pairs.

Summary
Participants CN39 andKG62 showed no significant changes from
baseline, at either immediate post-treatment or maintenance.

KC3 showed significant improvement on Repeated pairs, with
large effect sizes for Strings ISO (ORs 6.7 and above) and
small-to-medium effects for Words ISO. KC3’s improvements on
Repeated items were significantly greater than on Novel pairs
(which showed no significant changes). These improvements
were maintained 3 months after finishing treatment.

KK55 showed significant improvements on both Novel
and Repeated items immediately post-treatment, with medium
effect sizes (ORs 2.8–3.9). However, improvements were not
significantly maintained 3 months after treatment.

Finally, XH46 showed significant improvement only for
Repeated items, for Strings ISO or Words ISO; the effect
sizes were small-to-medium immediately post-treatment (ORs
2.3–3.5) but were medium-to-large 3 months after treatment
(ORs 3.6–6.6).

Research Question 2
Will this treatment that combines repeated and novel stimuli in
the probe stimuli lead to improvements in outcome measures?

Results of an analysis of outcome measures before and after
treatment and at 3 months post-treatment are reported below.

Concrete and Abstract Word and Word Sequences

Repetition Test
No significant changes were observed on the String ISO outcome
measure; the following results all reflect changes in Words ISO.

CN39
There was a significant interaction between Time Point (baseline
vs. 3 months) and String Size (OR = 0.73, p < 0.05). Follow-
up comparisons revealed that this interaction was driven by a
significant decrease from baseline to 3 months post-treatment for
pairs (65 to 53%; OR = 0.60, p < 0.05) contrasting with a trend
toward an increase for triplets (41 to 43%; OR= 1.09, p≈ 0.64).

KC3
There was a marginal interaction between Time Point (baseline
vs. 3 months) and String Size (OR = 0.76, p ≈ 0.08). Follow-
up comparisons revealed a similar pattern of results as observed
for CN: the interaction was driven by a marginally significant
increase for triplets (19 to 26%; OR= 1.47, p≈ 0.08) contrasting
with a trend toward a decrease in accuracy for pairs (46 to 42%;
OR= 0.84, p≈ 0.43).

KG62
There was a significant main effect of Time Point (baseline vs.
immediate post-treatment), reflecting an overall improvement
from 12 to 16% (OR= 1.74, p< 0.05). There was also a significant
interaction between Time Point (baseline vs. 3 months) and
Word Type (OR = 1.78, p < 0.05). Follow-up comparisons
revealed the interaction was driven by a marginally significant
increase for abstract words (4 to 7%, OR = 2.25, p ≈ 0.11)
contrasting with a trend toward a decrease for concrete words
(21 to 16%, OR= 0.73, p≈ 0.24).

KK55
There was a marginal interaction between Time Point (baseline
vs. 3 months) and String Size (OR = 1.41, p ≈ 0.07). Follow-up
comparisons revealed the interaction was driven by a marginally
significant decrease in accuracy for triplets (15 to 9%; OR= 0.59,
p≈ 0.07) contrasting with a trend toward an increase in accuracy
for pairs (31 to 35%; OR= 1.18, p≈ 0.48).

XH46
There was a significant interaction between Time Point (baseline
vs. 3 months) and Delay (OR = 1.49, p < 0.01), and
marginally significant interactions between Time Point (baseline
vs. immediate post-treatment) and Duration (OR = 1.29, p ≈

0.09) and Time Point (baseline vs. 3months) andWord Type (OR
= 0.77, p≈ 0.09). Because of the presence of interactions between
Time Point and both Delay and Word Type, we tested for the
presence of a 3-way interaction; this was found to be significant,
OR = 1.32, p ≈ 0.014. Follow-up comparisons revealed the
interaction was driven by significant decreases particular to
abstract words tested at the 5-s delay, contrasting with no change
or improvements at 1-s and for concrete words. The specific
pattern was: at 1-s delay, there were no significant changes for
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TABLE 3 | Spans in serial order (ISO) and in any order (IAO) at pre-treatment, immediate post-treatment, and 3 months maintenance.

Participant ID

CN39 KC3 KG62 KK55 XH46

Span task Time Point ISO IAO ISO IAO ISO IAO ISO IAO ISO IAO

Concrete word repetition span Pre-tx 3 3 2 2 1.2 1.2 2.2 2.2 2 2.8

Immediate post-tx 3 3 2 2 1.8 1.8 2 2 2.4 2.6

3 mo post-tx 3.4 3.4 2 2 1.2 1.2 2.2 2.2 3.0* 3.2

Word pointing span Pre-tx 4.2 4.2 2 2.2 3 3 2.4 2.6 2.4 3

Immediate post-tx 3.8 3.8 2 2 2.6 2.8 2.6 2.8 3 3

3 mo post-tx 4.4 4.4 2 2.2 3.4 3.4 2.4 2.4 3 3

Corsi block span Pre-tx 5.7 6 5 5.3 4.7 7 4 4 5 6

Immediate post-tx 5.7 6.7 4.3 5.7 4.7 5.7 4 4.7 5 5.3

3 mo post-tx 5.3 6 4 4.7 5.3 5.7 4.3 4.3 4.7 6

*Increase of 1.0 in span is considered to be noteworthy improvement.

abstract words (p’s > 0.10), but at 5-s, abstract words decreased
significantly from baseline to immediately post-treatment (44 to
27%, OR= 0.45, p< 0.05) and remained near significantly below
baseline at 3 months (28%, OR= 0.55, p≈ 0.053). This contrasts
with concrete words, which showed no effects of duration but
rather numerical improvement from baseline to immediate post-
treatment (38–39%) and marginally significant improvement
from baseline to 3 months (38 to 47%, OR= 1.42, p≈ 0.08).

Summary
In terms of improvements on this task, one participant (KG62)
showed significant gains overall, while two individuals (KC3
and XH46) showed marginally significant gains specific to
certain conditions. Specifically, KC3 marginally improved on
Triplets at 3 months post-treatment, and XH46 marginally
improved on Concrete words at 3 months post-treatment.
KG62, who improved significantly in general from baseline
to immediate post-treatment, remained marginally significantly
better at Abstract words 3 months post-treatment. Neither CN39
nor KK55 showed any improvements (p’s > 0.10); instead, they
showed some declines (CN39 performed significantly worse on
Pairs at 3 months post-treatment; KK55 performed marginally
worse on Triplets 3 months post-treatment).

Verbal and non-verbal span tasks. The results of three span
measures are reported in Table 3.

Concrete Immediate Serial Recall Span Test
Using Log Odds ratios, we looked at pre- and post-spans
to determine improvement. One person, XH, showed an
improvement from 2.0 ISO span before treatment to a span of
3.0 ISO at maintenance (trend: p = 0.0655). As a participant in
the version of this treatment reported by Martin et al. (6), XH46’s
performance on the Concrete Immediate Serial Recall Span Test
improved from 1.4 ISO pre-treatment to 2.4 ISO post-treatment.
Thus, his concrete word span, as measured in this study, shows
continued improvement.

Word Pointing Span Task
No significant gains in word pointing span were observed for
any participant from baseline to immediate post-treatment and
maintenance testing at 3 months.

Corsi Block Span Task
No significant gains were observed on this measure of non-
verbal span for any participant from baseline to immediate post-
treatment and maintenance testing at 3 months.

Comprehensive Aphasia Test (CAT)
Results of the Comprehensive Aphasia Test (27) are shown
in Table 4. All subtests of the Comprehension of Spoken
Language (Spoken Words, Spoken Sentences, and Spoken
Paragraphs) as well as the Naming Objects subtest under Spoken
Language Production were compared pre-treatment and post-
treatment using t-scores to determine change. Benchmarks
varied for significant improvement and were taken from the CAT
manual. Two of the five participants showed some significant
improvement. For Comprehension of Spoken Language, KK55
went from a t-score of 43 at baseline, to 57 at immediate post-
treatment, and 55 at maintenance. XH46 improved in Spoken
Language Production (naming objects) with a t-score of 51 at
baseline to 59 at maintenance. These results are shown inTable 4.
It is worth noting here that XH46 also showed improvement in
naming [on the Philadelphia Naming Test, (39)] in the version of
this therapy reported by Martin et al. (6).

Discourse Samples
One of the five participants demonstrated evidence of
improvement on the primary discourse outcome (%CIUs),
while one participant demonstrated a decline. At pre-treatment,
KK55 produced 49% CIUs which increased to 60% at post-
treatment. His total number of words at pre-treatment were
670 and 486 at post-treatment. Total number of CIUs produced
were 327 at pre-treatment and 290 at post-treatment. This
combination of higher %CIUs and lower total words indicates
an increase in his efficiency of relevant content production.
CN39 produced a smaller proportion of mazes when comparing
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pre-treatment to post-treatment performance. At pre-treatment
he produced 22% mazes which were determined by dividing the
total number of mazes (false starts and filled pauses) over the
total words produced. At post-treatment, %mazes decreased to
14% which could indicate improved efficiency of lexical retrieval
since false starts and filled pauses are often considered behavioral
indicators of lexical retrieval difficulty (40). KG62 demonstrated
a decline in %CIUs when comparing pre-treatment and post-
treatment performance. At pre-treatment he produced 50% CIUs
and at post-treatment 40% CIUs. Total words (pre-treatment
= 291, post-treatment = 324) and total CIUs (pre-treatment =
146, post-treatment= 130) were consistent with this decline and
indicated a reduction in efficiency and relevant content which
was evidenced by the production of more words and fewer CIUs.

Performance on Control Tasks Before and After

Treatment and at 3 Months Post-treatment
Individual performance on the control tasks is detailed below.

CN39
The PALPA non-word reading accuracy increased significantly
from 11% at baseline to 26% immediately post-treatment, OR =

2.87, p < 0.05. At 3 months post, the score remained marginally
significant above baseline at 23%, OR = 2.38, p ≈ 0.09. The 5-
point drawing test (5PT) decreased significantly from 61% at
baseline to 39% immediately post-treatment, OR = 0.42, p <

0.01, but there was no significant difference between baseline and
3 months post-treatment (53%, OR= 0.75, p≈ 0.39).

KC3
The PALPA score increased significantly from 5% at baseline to
20% immediately post-treatment, OR = 4.10, p < 0.05. At 3
months post, the score remained significantly above baseline at
19%, OR = 3.92, p < 0.05. The 5PT increased significantly from
68% at baseline to 85% immediately post-treatment, OR = 2.67,
p < 0.05, but there was no significant difference between baseline
and 3 months post-treatment (78%, OR= 1.75, p≈ 0.23).

KG62
The PALPA score showed no significant changes, neither from
baseline (5%) to immediately post-treatment (4%, OR = 0.74, p
≈ 0.70), nor to 3months post (6%, OR= 1.13, p≈ 0.87). The 5PT
decreased significantly from 43% at baseline to 23% immediately
post-treatment, OR = 0.38, p < 0.01, and remained significantly
below baseline to 3 months post-treatment (24%, OR = 0.41,
p < 0.01).

KK55
The PALPA score increased significantly from 25% at baseline to
53% immediately post-treatment, OR = 3.35, p < 0.001. At 3
months post, the score remained significantly above baseline at
46%, OR= 2.54, p < 0.5. The 5PT showed no significant changes
from baseline to immediate post-treatment (unchanged at 61%,
OR = 0.98, p ≈ 0.96) or 3 months post-treatment (57%, OR =

0.82, p≈ 0.60).
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XH46
The PALPA score showed no significant changes, neither from
baseline (0%) to immediately post-treatment (0%) nor to 3
months post (0%). The 5PT likewise showed no significant
changes, from 37% at baseline to 31% immediately post-
treatment (OR = 0.78, p ≈ 0.50), and 38% at 3 months post-
treatment (OR= 1.06, p≈ 0.88).

Summary of Performance on Control Tasks

Linguistic Control, Non-word Reading
CN39, KC3, and KK55 showed significant improvements
immediately post-treatment and this improvement was
maintained at 3 months (significant for KC3 and KK55 and
marginally significant for CN39).

Non-linguistic Control, the Five-Point Test
KC3 increased significantly immediately following treatment, but
this was not maintained at follow-up. Other participants did
not show any significant improvement on this test immediately
following treatment or at follow-up.

Research Question 3
Will improvements in outcome measures be most robust for
those participants who show a maintenance deficit in repetition?

Two participants, KK55 and XH46, demonstrated the
activation maintenance impairment with accuracy of word
and non-word repetition declining after a 5-s response delay
(Table 2). KK55 demonstrated significant improvement on the
treatment task for both repeated and unrepeated items from
baseline to post-treatment and baseline to maintenance (3
months post treatment). XH46 showed significant improvement
for repeated items at post-treatment and at maintenance. Of
those who did not show the maintenance impairment in
repetition, only KC3 showed improvement in word repetition
after this treatment for repeated items immediately post-
treatment and at 3 months maintenance.

On outcome measures, KK55 showed significant
improvement on the comprehension of spoken sentences
subtests of the CAT and XH46 improved significantly on the
naming subtest of the CAT. On the span tasks, XH46’s span for
concrete words increased from 2 to 3. On Discourse measures,
KK55 improved significantly on the rate of CIUs produced. On
the repetition of concrete-abstract sequences test, KG62 showed
an overall main effect from baseline to immediate post-test,
and XH46 showed a significant decrease in accuracy specific to
abstract words at a 5-s delay.

In summary, three participants showed significant effects sizes
for the treatment, KK55, XH46, and KC3, but only KK55 showed
these effects for repeated and novel probes. KK55 and XH46, who
demonstrated the activation maintenance deficit in repetition,
also made gains on outcome measures as detailed above.

These findings indicate that this treatment is most effective
with individuals who show an activation maintenance deficit in
repetition, KK55 and XH46. To illustrate the improvement by the
two participants relative to other participants in this treatment
study, Table 5 shows nine language and verbal span measures
where evidence can be found for improvement. KK55 and XH46

made gains on four of the nine measures, followed by KC3 who
improved on two and then CN39 and KG62 who each improved
on one of the nine measures.

DISCUSSION

The treatment described here is a follow-up from the treatment
reported by Martin et al. (6) in which item exposure in a word
sequence repetition treatment was minimized to reveal effects
of a 5-s response delay, which invokes short-term maintenance
of activated word representations. By tackling the difficulty in
maintaining activation of representations directly, we aimed to
improve this ability that supports access to and retrieval of words
in repetition, naming and other language tasks. The results of
that study were different from our prior studies [e.g., (14, 41)]
that combined the response delay manipulation with a set of
treated, untreated and probe items used in all phases of treatment
(baseline through maintenance). In this study, we investigated
more closely the effect of response delay with and without the
added influence of repeated item exposure. As in the Martin et al.
(6) study, some participants improved following this treatment
while others did not. Some possible reasons for this outcome are
offered below.

Starting with our initial aim, we first wanted to know if an
effect of repeated exposure would be evident for items repeated
in the probe trials compared to those items that were unique on
each probe trial. Two participants, CN39 and KG62, showed no
improvement on repeated or novel probes. For those individuals
who benefited from the treatment, KC3 and XH46 showed
significant improvement on the repeated probe items compared
to the novel probe items. KK55 showed comparable levels of
improvement on both repeated and novel probe item conditions.

In Martin et al. (6), effects of the maintenance treatment
with minimal repetition of stimuli were modest overall, but
still, improvements in outcome measures were observed for
four of the eight participants. A similar pattern was observed
in this study with two of the participants who demonstrated
the activation maintenance impairment showing gains in several
outcome measures. KK55 improved on the CAT sentence
comprehension test and the primary discourse measure, % CIUs.
XH46 improved in naming on the CAT test and showed a
span increase from 2 to 3. This increase demonstrates continued
improvement from the change in his span that was observed
when he participated in theMartin et al. (6) study (span increased
from 1.4 to 2.4).

XH46’s continued gains in span abilities in this second round
of a version of the activation maintenance treatment raises
the question of effectiveness of multiple treatments distributed
over time. KC3 and CN39, whose gains were more limited,
also participated in the Martin et al. (6) activation maintenance
treatment study. Although evidence favors the benefit of multiple
treatment periods distributed over time [e.g., (42)], the span of
time between participation in these two studies ranged from
15 to 24 months. With this amount of time and the likelihood
of participation in numerous communication activities in the
interim, we considered this to be a new treatment for these
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TABLE 5 | Summary of gains made on the outcome measures.

Measure CN39 KC3 KG32 KK55 XH46

1 Treatment effect sizes - repeated probes + + +

2 Treatment effect sizes - novel probes +

3 Concrete and abstract word sequence repetition + * + + *

4 Concrete words immediate serial recall +

5 Word Pointing span

6 CAT Spoken Language Comprehension +

7 CAT Spoken Word production (Naming) +

8 Discourse: Increased CIUs +

9 Discourse: Decreased % Mazes +

Total of measures showing some improvement 1 2 1 4 4

+ signifies an effect significant at p < 0.05.

+
* signifies a marginally significant effect.

three individuals rather than a continuation of their previous
participation in a similar treatment. Nonetheless, it is worth
noting that XH46 showed continued improvement in this second
round of the activation maintenance treatment.

We also observed changes in the two control tasks following
therapy, especially the linguistic control, non-word reading.
Three participants improved on this measure, CN39, KC3, and
KK55. In hindsight, this outcome is not completely surprising
given the nature of the treatment—practice in maintaining
access to words (their activation) sufficiently for longer periods
of time. This ability is fundamental to language processing,
and improvements in this ability could result in improvements
on other language tasks besides the treatment task. Non-word
reading is considered a distant measure, meaning there is not
much overlap with the repetition task used for treatment.
However, non-words are potential words and reading does
share output production processes with repetition. Thus, some
extension of improvements to this task may be expected. Of
greater concern is the improvement seen for participant KC3
on the 5-point test, the non-linguistic control task. However,
this improvement was observed in the immediate post-treatment
testing but was not sustained in the 3monthsmaintenance testing
period. This finding could also be indicative of the potency of
repeated trials in acquisition, similar to the repeated probe items.

Understanding the Linguistic and
Processing Components of This Treatment
and Word Processing Impairments in
Aphasia
The activation maintenance treatment combines repetition with
a response delay. Here, we disentangled influences of the
linguistic component (the words to be repeated) and the
activation maintenance component (the response delay) by
varying the exposure of items in the probes, with some repeated
across all probe trials and others novel across probe trials. The
results indicate that the treatment was successful for some but
not all the participants, andmore successful when items in probes
were repeated. As we develop and refine this treatment approach

toward its eventual use in the clinic, it is worth addressing a few
questions about the approach and its potential as a clinical tool.

Why Do Some People Respond to This Treatment

and Not Others?
One of the most important issues to be addressed in aphasia
rehabilitation is why some people with aphasia respond well to
an impairment-based treatment while others do not. An obvious
first thought is that the treatment does not match up with the
impairment. With broad diagnoses such as Broca’s aphasia or
fluent aphasia, it is likely that there will be enough variability
in symptoms within a diagnostic category that some people with
that diagnosis would not respond well to a treatment designed for
its cardinal symptoms. A related concern is that other cognitive
abilities (e.g., attention) may be impaired and are somehow
compounding the language impairment. As diagnostic tools
become more detailed in their descriptions of an impairment,
the matches between treatment and impairment type should
fit more closely. Psycholinguistic models and linguistic theory,
for example, have guided development of tests that probe
access to linguistic elements of words and sentences [e.g., (21,
43)], providing more precise measurements of impairments to
language function.

The activation maintenance treatment is an outgrowth of
another variable of impairment to language ability, the processing
component. Our knowledge of the components of activation
processes that support language is increasing [e.g., (1, 44,
45)]. Studies also have revealed how impairment to processing
components impacts language performance (2–5, 46). Martin
and Dell (5) provide evidence for two processing parameters,
activation transmission and activationmaintenance, that regulate
access and retrieval of words. This study provides further
evidence that the activation maintenance component of language
processing is a viable treatment target for certain participants.
Similar to Martin et al. (6), we found that participants with poor
maintenance of activated word representations in repetition,
KK55 and XH46, made the most gains on the treatment task and
outcome measures (see Table 5).
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What Is the Nature of the Separate and Combined

Linguistic and Activation Maintenance Components

of This Treatment?
KK55 was the only participant who improved on both novel and
repeated probe items. Further, KK55 demonstrated improvement
on several outcomemeasures including the CAT and the primary
discourse outcome (%CIUs). At pre-treatment, KK55’s scores
on word and non-word repetition were higher than the other
participants in the 1-s condition (see Table 2) and his scores
dropped after 5 s. Thus, KK55’s pre-treatment profile suggests
that access to linguistic information (the activation transmission
component of language processing) is less problematic for him
than maintaining access to those representations. XH46 also
presents with a maintenance deficit, but when comparing his pre-
treatment assessment results and his response to this treatment,
the pattern is quite different than KK55. XH46’s language
performance is more impaired than KK55’s in the 1-s condition
of the repetition and two working memory tasks, synonymy and
rhyming triplets, and it becomes even more impaired in the
5-second condition.

Additionally, XH46’s accuracy on the TALSA naming subtests
(Table 2) improves after a 5-s response delay, which is the
signature of an activation transmission deficit. How can we
account for the XH46’s task specific activation impairments,
transmission in naming and maintenance in repetition? We
suggest that XH46’s lexical activation impairment includes
both transmission and maintenance components and that the
manifestation of these deficits differs depending on the task and
the locus of impairment. As described in the Introduction, in
word production, activation spreads from activated semantic
representations to an arbitrarily related word form. In repetition,
activation spreads from an input sequence of phonemes to a
phonological word form. It is conceivable that the spread of
activation from semantics to the lexical form is more vulnerable
to a transmission impairment than the input phonological
activation to a phonological word form. Regarding the locus
of impairment, XH46’s performance on all subtests reported
in Table 2 was impaired, but it was less accurate on those
subtests with a substantial semantic component (naming and
synonymy triplets). In treatment, XH46’s improvement on the
repeated probe items suggests that this condition provided
priming of the semantic-lexical representations needed to
facilitate the transmission between these levels of representation.
A broader message of this finding is that both lexical priming
(i.e., repeated exposure of training items) and processing
(activation transmission or maintenance) treatments may be
needed for more severely impaired language abilities or when
there are different severity levels of impairment to semantic vs.
phonological processes.

How Do the Activation Maintenance and

Transmission Treatments Fit With Current

Taxonomies of Treatment Approaches?
Recent developments in rehabilitation science provide a
framework for evaluating principles and components
of treatment approaches, the Rehabilitation Treatment
Specification System [RTSS, (47, 48)], that can be applied
to various rehabilitation practices (e.g., physical therapy,

occupational therapy). Turkstra et al. (49) propose the
application of this system to practice in speech and language
pathology and in a recent series of papers (50–53), a group of
researchers in aphasia rehabilitation considered the value of
the RTSS framework for evaluating rehabilitation approaches
in aphasia. RTSS evaluates three aspects of a treatment: the
target (behavior that the treatment will change), the treatment
ingredients (essential elements of the treatment) and the
mechanism(s) of action (how a treatment works). Within this
framework, the characterization of the treatment reported here
and its variants (6, 14) could be the following: The target is
improved access to words in the context of various language
tasks and the endurance of that activation. There are three
ingredients in this treatment: the task (repetition, but could
be another language task, e.g., naming), a response delay and
repetition priming via repeated exposure of probes and/or
training items (6). Martin et al. (10) demonstrated adverse or
beneficial effects of a response delay on performance of many
language tasks, allowing for flexibility in the choice of therapy
target and task. Logically speaking, the response delay should
be essential to a treatment that aims to improve maintenance of
activation, simply because it targets the deficit directly. It could
also be a sufficient ingredient for some [e.g., KK55 in this study
and four of the participants in the Martin et al. (6) study]. For
others, though, lexical priming may be needed in combination
with a response delay to improve performance after a 5-s
response delay. It is not certain whether lexical priming alone
(through repeated practice on probe items in this study) could be
sufficient to improve the ability to maintain activation of a word
to the extent that repetition accuracy increases after a response
delay. This possibility would be difficult to test because the
definition of an activation maintenance impairment is accurate
repetition with no delay in response and impaired repetition
after a response delay. The evidence thus far suggests that lexical
priming in combination with a response delay is effective for
some participants and for others, targeting the response delay
alone (with the novel lexical items) improves accuracy after the
delay, suggesting improvement in activation maintenance ability.
Further studies are needed to learn how to detect impairments
that involve each component of repetition—lexical activation
and maintenance of that activation, or some combination of
these. As we investigate variations of this paradigm in future
studies, we note that RTSS characterization of task components
has served as a useful starting point to understanding the
cognitive-linguistic mechanisms that underlie this treatment.

Limitations
One limitation of this study is the method used to evaluate item
repetition. In hindsight, it might have been beneficial to include
repeated probe items and repeated treatment items to further
evaluate how item repetition was related to acquisition. In future
studies, we will investigate effects of varying repeated and novel
training items as well as probe items.

Clinical Implications and Future Directions
The results of this study illuminate three clinically relevant
findings: (1) The verbal STM component of word processing
(activation maintenance) is a potential target for intervention
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and for some participants, addressing this ability directly
by adding a response delay, can improve overall language
performance. (2) Item repetition plays a role in improvement
potentially through practice effects and/or priming effects. (3)
These two variables, item repetition and activation maintenance,
may be differentially affected in someone’s overall profile of
input and output word processing abilities. The results of
this study provide greater insight into the nature of the
treatment task itself, including its lexical component (words
to be repeated) and processing component (the response
delay). Both components are important to the success of the
therapy, but there is an indication that some may need the
temporal processing component of the treatment more than the
lexical component.

Future testing is needed to determine how these two
components contribute to the success of the treatment and
whether those contributions vary depending on the nature
of the lexical impairment (semantic and/or phonological), its
severity or other factors. Additionally, to better understand
the mechanism of this improvement more studies are needed
that evaluate the contributions of these two components of
lexical processing in different tasks and in the context of
various lexical processing profiles (i.e., semantic or phonological
input and output impairments). To that end, we are currently
investigating the effectiveness of a naming treatment that follows
the same principles as the repetition plus response delay
treatment (7).

CONCLUSION

This study of a treatment for word processing impairment in
aphasia focuses on improving one of two parameters of activation
that support access to and retrieval of words. The treatment task
is repetition and a critical addition to that task is a response
delay that for some people with aphasia, challenges their ability
to maintain activation of the words that are to be repeated. The
results of this study showed that this treatment led to gains
in the treatment task (repetition of concrete word pairs after
a 5-s delay) for three of our five participants when items in
probes were repeated and for one person when the probes used
novel items on each probe trial. On the outcome measures, we
found evidence indicating that this treatment is specific to those
who demonstrate an impairment of activation maintenance in
repetition; two participants that demonstrated this deficit made
gains on more outcome measures than the other participants in
this study.
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Persons with aphasia (PWA) often have deficits in cognitive domains such as working

memory (WM), which are negatively correlated with recovery, and studies have targeted

WM deficits in aphasia therapy. To our knowledge, however, no study has examined the

efficacy of multi-modal training which includes both WM training and targeted language

therapy. This pilot project examined the feasibility and preliminary efficacy of combining

WM training and naming therapy to treat post-stroke PWA. Chronic PWA were randomly

assigned to either the a) Phonological Components Analysis (PCA) and WM intervention

(WMI) condition (i.e., a computerized adaptive dual n-back task), or b) PCA and active

control condition (WMC). Participants received face-to-face PCA therapy 3 times/week

for 5 weeks, and simultaneously engaged in WM training or the active control condition

five times/week, independently at home. Six PWA were enrolled, 3 in each condition.

Feasibility metrics were excellent for protocol compliance, retention rate and lack of

adverse events. Recruitment was less successful, with insufficient participants for group

analyses. Participants in the WMI (but not the WMC) condition demonstrated a clinically

significant (i.e., > 5 points) improvement on the Western Aphasia Battery- Aphasia

Quotient (WAB-R AQ) and Boston Naming Test after therapy. Given the small

sample size, the performance of two individuals, matched on age, education, naming

accuracy pre-treatment, WAB-R AQ and WM abilities was compared. Participant WMI-3

demonstrated a notable increase in WM training performance over the course of therapy;

WMC-2 was thematched control. After therapy, WMI-3’s naming accuracy for the treated

words improved from 30 to 90% (compared to 30–50% for WMC-2) with a 7-point

WAB-R AQ increase (compared to 3 for WMC-2). Improvements were also found for

WMI-3 but not for WMC-2 on ratings of communicative effectiveness, confidence and

some conversation parameters in discourse. This feasibility study demonstrated excellent

results for most aspects of Co-TrEAT. Recruitment rate, hampered by limited resources,
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must be addressed in future trials; remotely delivered aphasia therapy may be a possible

solution. Although no firm conclusions can be drawn, the case studies suggest that

WM training has the potential to improve language and communication outcomes when

combined with aphasia therapy.

Keywords: aphasia, working memory, rehabilitation, multi-modal therapy, anomia

INTRODUCTION

Approximately 40% of individuals who survive a stroke will
present with aphasia—the inability to produce and/or understand
language (1). Aphasia is a “complex clinical entity” (2) that can
manifest in a variety of communication impairments, including
difficulty producing words and sentences and in understanding
spoken and/or written language. A study by Lam and Wodchis
(3) found that, out of 60 medical diagnoses and 15 health
conditions, aphasia has the largest negative effect on health-
related quality of life (QoL), ahead of diagnoses such as cancer
and Alzheimer’s disease. Indeed, even when physical abilities,
well-being and social support are comparable to stroke patients
without aphasia, individuals with aphasia engage in fewer
extended activities of daily living and report diminished QoL
(4). Thus, there is a clear imperative for aphasia to be a focus
of investigation for improved optimization of care and improved
outcomes in stroke.

There is a large and growing body of literature demonstrating
the efficacy of treatments for communication impairments
associated with aphasia in the acute and chronic stages post-
stroke [e.g., (2, 5–11)]. Brady et al.’s (6) Cochrane review
demonstrates that speech therapy induces greater language
improvements compared to no therapy, and that group, one-on-
one, computer- and volunteer-facilitated treatments appear to
be equally effective in improving language outcomes. However,
Brady et al. (6) caution that although speech-language therapy
improves functional communication (i.e., communication in
day-to-day contexts), the benefits do not necessarily hold over
time and further research on long-term efficacy is required.
In addition, treatment-related benefits are not always seen for
specific language deficits (such as naming difficulties). These
apparently nonspecific benefits may be due to the lack of targeted
treatments in their review. For example, several of the negative
studies [e.g., (12, 13)] which had naming as an outcome did not
specifically treat naming. Of the studies that did treat naming
[e.g., (14)], the outcome measure did not include the treated
words. Importantly, studies evaluating the efficacy of therapy
specifically aimed at the treatment of naming deficits show robust
short- and long-term improvements in naming of the treated
words, for most (but not all) individuals who are treated [e.g.,
(10, 15–18)].

Phonological Components Analysis
Naming Therapy
A well-known targeted treatment for naming is the Phonological
Components Analysis (PCA) protocol which uses guided
phonological and orthographic cueing to stimulate naming

(19, 20). PCA has been shown to be efficacious, significantly
improving the short- and long-term naming accuracy of treated
words (19, 21–23), as well as the long-term naming accuracy
of untreated words (23, 24). Studies have considered the
mechanisms of PCA treatment efficacy within the context of
the Interactive Activation (IA) model of word retrieval (25–
27). Namely, the IA model proposes that word retrieval occurs
through feedforward and feedback spreading activation across a
network of nodes, organized into three layers of representations:
semantic, lexical and phonological. Evidence suggests that PCA
therapy may strengthen lexical-phonological connections (23),
and/or increase access to semantic network nodes via spreading
activation across all levels of representation in the word retrieval
network (22, 28). Importantly, despite the overall efficacy of
PCA therapy, individual recovery patterns vary and not all who
undergo therapy show significant improvements (as is generally
the case for most anomia treatments; (15)).

Non-linguistic Cognitive Abilities in
Aphasia Rehabilitation
Increasingly, studies are demonstrating that residual non-
linguistic cognitive abilities may play an important role in
rehabilitation after acquired brain injury in general (29–31) and
can be key predictors of successful language recovery in particular
[e.g., (32–35)]. This supports the notion, proposed in reviews
of the literature (36, 37), that aphasia rehabilitation must focus
not only on content (language representations) but also on
process (non-linguistic cognitive structures that support the use
of these language representations). Working memory (WM) is
one such cognitive process, which is of primary interest in the
present study.

WM has been conceptualized by Baddeley (38, 39) as a
multi-component system, containing domain-specific buffers for
maintenance of verbal (phonological loop) and visuo-spatial
(visual sketchpad) representations, together with an episodic
buffer for access to long-term storage; the model also includes
a domain-general central executive for updating and controlling
the contents and efficiency of active buffers (38). Individuals with
aphasia have been found to have both verbal [e.g., (40)] and
nonverbal [e.g., (36, 41, 42)] WM deficits [e.g., (43)]. In addition,
studies have found that WM capacity is significantly associated
with naming therapy outcomes, predicting the extent of recovery
or response to rehabilitation (34, 44–46). Within the context of
the IA model of word retrieval, there is evidence supporting the
importance of WM in maintaining linguistic representations at
the lexical and phonological access stages of word retrieval, in
order for correct naming to occur [(47); see also (48)].
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WM Training in Aphasia
The evidence suggests that treating WM deficits in aphasia may
benefit language and/or communication outcomes. For example,
one study (49) compared the effects of a WM training program
vs. routine speech-language therapy, on memory and language
functioning in individuals with post-stroke Broca’s aphasia. WM
training consisted of category and digit memory span tasks
(backwards and forwards) of varying difficulty levels, as well
as a paced auditory serial addition task (i.e., adding the last
two numbers heard in a continuous list). Compared to routine
speech-language therapy (i.e., the control group), individuals in
the WM training group showed significant improvements in
both trained and untrained WM tasks, as well as the speech
fluency, auditory comprehension, naming and repetition subtests
of the Persian version of the Western Aphasia Battery (P-WAB-
1; (50)). In another study, combined intermittent theta-burst
stimulation and computerized WM training were administered
to an individual with post-stroke nonfluent aphasia over 10
consecutive daily sessions (51). WM training consisted of
computerized span- and mental manipulation tasks of increasing
difficulty. Significant improvements were seen on a measure
of nonverbal intelligence, and a trend toward improvement
was noted on receptive and expressive language tasks (auditory
comprehension, following commands, naming, reading). In
addition, studies have shown improvements after WM training
(Attention Process Training, delayed repetition) on measures of
reading comprehension (52) and repetition (53), respectively.

Recently, Zakariás et al. (54) conducted a systematic review
of short-term memory (STM)/WM treatments in aphasia. In
this study, STM was defined as the temporary maintenance
and retrieval of information, whereas WM was defined as
the maintenance and mental manipulation of information. Of
17 eligible studies, nine trained STM using repetition and/or
recognition tasks, whereas eight trained WM (using e.g., n-
back and mental arithmetic tasks). Improvements in STM were
noted in 85% of studies training STM, and improvements in
WM were noted in 82% of studies training WM. Additionally,
improvements in sentence comprehension after training were
reported in seven out of nine studies that included this
outcome measure. However, the authors caution that the current
evidence base remains unclear on themechanisms underlying the
relationship between WM training and language outcomes. In
addition, the studies in this review did not administer combined
WM training and language therapy; to date, there is limited
evidence on the efficacy of such a combined, multi-modal
treatment approach.

The N-Back Task
While a number of tasks can be used to measure and train
WM, the n-back task has many positive features for persons
with aphasia (55). In the n-back task, a stream of information
is monitored with the goal of deciding whether the current
item matches an item that was “n” number of trials ago in
the sequence. Thus, this task requires both maintenance and
updating of information with each trial. Neuroimaging studies
indicate this task activates a bilateral fronto-parietal network that
overlaps with language networks (56, 57). In addition, the task

can be varied parametrically, depending upon the “n” involved
and thus difficulty can be individually adjusted. Finally, the task
requires a simple recognition response and can present a variety
of stimuli, from letters, words, pictures to spatial locations,
making it easier to differentiate linguistic and non-linguistic
deficits. In addition, Mayer and Murray (55) tested the n-back
across different stimuli and WM loads (from 0 to 2-back) and
found the n-back was reliable and sensitive to WM deficits in
people with aphasia compared to controls.

Adaptive WM training using the n-back has also been
found to improve trained and untrained WM tasks and, in
at least some studies, generalize to other cognitive functions
(e.g., Raven’s Progressive Matrices, which measures general
non-verbal intelligence and abstract reasoning) in both young
and older healthy individuals and patient populations [(58–
63)]. Importantly, in a multiple-baseline study (64), three
participants with post-stroke aphasia received computerized
WM training, which consisted of practice on an n-back
task (either with pictures or spoken words) four times per
week, for 4 weeks. Post-training, all participants showed
some improvement in sentence comprehension and everyday
memory activities; two participants additionally demonstrated
improvements in functional communication (i.e., assessor ratings
of understandability and intelligibility of spoken messages on
familiar everyday topics). As such, the n-back task provides a
promising method for WM training in aphasia to combine with
naming therapy in a multi-modal approach to aphasia therapy.

Summary and Objectives
In sum, although treatments for post-stroke naming deficits,
such as the PCA therapy, have been shown to be efficacious,
individual patterns of recovery can be highly variable, and
the mechanisms underlying treatment-induced recovery remain
somewhat unclear. It has been suggested that non-linguistic
cognitive functions, and specifically WM, may play an important
role in supporting language recovery. Indeed, WM has been
identified as an important factor in supporting lexical retrieval
and treatment success for anomia specifically, and studies that
have administered WM training to individuals with post-stroke
aphasia have reported improved language outcomes, particularly
in auditory comprehension and functional communication
measures. To our knowledge, however, no study to date has
examined the efficacy of multi-modal rehabilitation which
includes simultaneous administration of both WM training
and a targeted anomia treatment protocol. The present
investigation aimed to explore the feasibility and added benefit in
communication outcomes, of combining WM training with the
PCA naming therapy.

The primary objective of this pilot study was to examine the
feasibility (i.e., practicality and acceptability) of combining two
established and manualized treatment protocols—one targeting
naming deficits in aphasia (i.e., PCA; (19)) and the other targeting
WM (i.e., the N-Igma WM training task, described below;
(65)). In addition, we aimed to examine the added benefit (i.e.,
preliminary efficacy) of combining naming therapy with WM
training to treat individuals with post-stroke aphasia.
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METHODS

Participants
Ethical approval for the present study was granted by the
Research Ethics Boards (REBs) of the University of Toronto
and the Aphasia Institute, and ethical approval was also
obtained from the March of Dimes Aphasia and Communication
Disabilities Program REB. Participants were recruited from these
referral sites in the Greater Toronto Area. Informed consent
was obtained using both written and pictorial materials and
supported communication strategies (66, 67). The following
inclusion criteria applied to all participants: (a) history of a
single left-hemisphere unilateral stroke, (b) in the chronic stage
of recovery (i.e., at least 6 months post-onset), (c) presence
of aphasia with anomia (i.e., 10–75% accuracy on the Boston
Naming Test-BNT; (68)), (d) normal or corrected-to-normal
vision and hearing, (e) right-handed, (f) primarily English-
speaking, and (g) with computer and Internet access. Participants
were excluded from the study if they: (a) were actively engaged
in speech therapy at the time of recruitment, (b) presented
with severe comprehension deficits (based on WAB-R auditory
comprehension scores), (c) had a known history of drug and/or
alcohol abuse, and (d) had a known history of major psychiatric
and/or neurological illness.

Using guidelines proposed by Bowen et al. (69), the
present study measured the feasibility of a combined WM and
anomia intervention according to the following areas of focus:
practicality (i.e., the extent to which an intervention can be
delivered when resources are constrained), acceptability (i.e.,
how participants react to the intervention), and limited- or
preliminary-efficacy testing (i.e., testing the intervention in a
convenience sample, with limited statistical power). Thus, a
convenience sample was recruited: with consent, participants’
files were reviewed, and participants were screened for eligibility
according to the inclusion criteria stated above. Eligible
participants were enrolled, and randomly assigned to one of two
conditions: PCA and WM control (WMC) or PCA and WM
intervention (WMI). Participants were blind to condition. In
the WMC condition, participants were administered the PCA
treatment for anomia, in combination with an active control task
(i.e., a matched computer activity that did not require working
memory since the task remained stable at span size 1; described
below). In the WMI condition, participants were administered
PCA treatment in combination with WM training using the
computerized adapted dual n-back N-Igma task (to be described
in detail below).

PCA Treatment for Anomia
Prior to therapy, participants underwent baseline testing,
whereby naming performance on a battery of 198 colored
photographs of nouns was assessed on three separate occasions
(presentation order was randomized at each administration).
Words named incorrectly on at least two of the baseline sessions
were pooled and considered to be potential treatment targets.
Two lists (30 words each) were created from this pool of words:
the treated list, which was targeted in therapy, and the untreated
list, which served as a within-participant control. Treated and

untreated lists werematched as closely as possible on the variables
of semantic category, word frequency and number of syllables.
The list of 30 words was then treated using the PCA therapy
approach, approximately 1.5 h per day, 3 days a week for 5 weeks.
Therapy was administered by a trained research assistant either at
the University of Toronto, or in the participants’ homes. Briefly,
in PCA naming therapy, participants are presented with a picture
of the target word and asked to name it. They are given feedback,
and regardless of their ability to name the target, they are asked to
identify five phonological components related to the target word
(e.g., rhymes with? number of syllables?), guided by the use of a
chart (for a detailed protocol description please see (19)).

WM Training
We trained WM in individuals with aphasia using a
computerized adaptive dual n-back task called N-Igma (65).
Briefly, the N-Igma task requires participants to monitor two
streams of auditory stimuli (e.g., aurally presented letters,
numbers or animal sounds) and visual stimuli (e.g., pictures
that varied in location of stimuli, or different landscapes) to
indicate whether the current stimulus matches the one presented
“n” trials ago. The “n” started at 1 and increased adaptively
as performance for both streams reached 90% correct over a
block. Accuracy and reaction time were collected for each trial
and stored on a secure, university-based server. Stimuli were
changed and training level reset to n = 1 after every 5 days
of training to increase interest and prevent development of
stimulus-specific strategies.

In the WMI condition, the n-back task was adaptive, and
increased (e.g., from 1- to 2-back, etc.) as participants progressed
through the task. In the WMC condition, we employed a non-
adaptive dual n-back task as the active control, to match all
other aspects of the training program, without the working
memory component. Thus, participants remained at 1-back (a
simple short term recognition task) and also were encouraged
to improve speed and accuracy throughout the training. After
an initial practice week in which single stream n-back tasks
were practiced, participants engaged with the dual stream N-
Igma task (in either theWMI orWMC active control conditions)
30min a day, 5 days a week, for 5 weeks (i.e., simultaneously
with, and throughout the duration of the PCA therapy). WM
training (or active control) was completed on the participants’
personal computers, independently at home. Weekly check-
ins were conducted with participants to maintain motivation,
and to problem-solve any issues in WM training and active
control conditions.

Feasibility: Practicality and Acceptability
We collected data on the practicality and acceptability (69)
of administering anomia and WM treatments simultaneously.
To assess practicality, the following metrics were tracked, in
line with previously published work in individuals with post-
stroke aphasia (70): (a) ease of recruitment (success in reaching
recruitment targets, number of eligible patients enrolled); (b)
compliance (number of participants who completed at least 80%
of each of the PCA and WM training sessions); (c) retention
rate (number of participants engaged in combined therapy at
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discharge/total number of participants enrolled); (d) protocol
deviations (unforeseen changes from the combined therapy
protocol) which were noted weekly by the project coordinator.
For the purposes of this pilot study, our initial recruitment
target was set at 20 participants (ten in each condition). To
assess acceptability, participants completed the System Usability
Scale (SUS; (71, 72)), evaluating the usability of the N-Igma
computerized WM training platform. The SUS comprises ten
items evaluating usability characteristics (e.g., satisfaction, ease of
use), and rated on a 5-point Likert rating scale, which generates a
usability score out of 100 (for scoring procedures, see (71)). The
SUS has been used in previous work with the stroke population
(65) and has been adapted for use with individuals with aphasia
by our group (73). Given the small sample size, descriptive
statistics were used to analyze feasibility metrics.

Feasibility: Preliminary Efficacy and
Communication Outcomes
Outcomes related to treatment efficacy were collected pre-
and post-training and at 1-month follow-up and included: (a)
naming accuracy of the treated andmatched untreated words, (b)
performance on the Western Aphasia Battery-Revised (WAB-R;
(74)), (c) performance on the BNT (68); (d) ratings of functional
communication ability and communication confidence,
measured, respectively, by the Communication Effectiveness
Index (CETI; (75)), and Communication Confidence Rating
Scale for Aphasia (CCRSA; (76)), and (e) discourse, using the
Discourse Comprehension Test (DCT; (77)). In addition, a
10-min conversation sample with a family member or friend was
obtained. Speech samples were examined for changes that have
been linked to WM function in discourse, such as coherence and
topic maintenance (78). Although improvements in language
were of primary interest in the present study, we also tracked
changes in WM capacity on both the Wechsler Memory Scale
digit span task (79) and the Corsi-block tapping visual span task
(80, 81), with a focus on the backward span in each task, given its
close association with WM capacity. Statistical analyses for each
outcome measure are described below. Post-treatment outcomes
were collected and scored by a research associate who did not
administer treatment.

Naming of the treated and untreated words was scored
as follows: words named correctly within 10 s of stimulus
presentation (including self-corrections) were given a score of 1,
and words named incorrectly (including paraphasias of all types),
or words named beyond the 10 s time limit, were given a score of
0. Treatment-induced changes in naming accuracy of the treated
and untreated words (outcome a above) were analyzed using
the Weighted Statistics (WEST) approach (82). This approach
overcomes problems of autocorrelation and is suitable for
evaluating repeated measurements of an item. Each assessment
timepoint is weighted in order to account for underlying linear
trends in the data (i.e., the WEST-Trend), and to ensure that
the rate of change (ROC) post-treatment is significantly greater
than the null ROC expected at baseline (i.e., the WEST-ROC).
Weighted scores for a given item are summed and analyzed
using one-sample t-tests (one-tailed). Results were corrected

for multiple comparisons using the Bonferroni procedure (i.e.,
alpha was set at 0.05/4 = 0.013). For detailed descriptions
of this analysis approach, please see Simic et al. (23) for a
comparable study design using PCA therapy, and Howard et al.
(82). Following Howard et al.’s (82) recommendations, treatment
effects were considered significant only when both the WEST-
Trend and WEST-ROC analyses showed significant results.

Due to the small sample size, changes in performance
on the WAB, BNT, CETI and CCRSA (outcomes b, c,
and d above) were analyzed using descriptive statistics. In
addition, we evaluated whether changes on the WAB and
BNT represented a clinically significant difference, according to
published benchmarks (83). Similarly, descriptive statistics were
used to track WM performance on digit and visual span tasks
over time.

Descriptive statistics are also presented for the DCT (outcome
e above), and conversational speech samples were analyzed
using the Profile of Word Errors and Retrieval in Speech
(POWERS) approach (84). Briefly, an independent rater blind
to treatment condition and assessment time coded speech
samples according to the following conversation parameters:
substantive turns (i.e., a turn which contains at least one
content word), minimal turns (i.e., a turn which does not
contribute meaningfully to the conversation), content words (i.e.,
nouns, proper nouns, adjectives, adverbs, verbs and numerals),
nouns (i.e., proper and common nouns), and word errors
(i.e., circumlocutions, semantic paraphasias, phonological errors,
neologisms, pauses greater than 2 s and filled pauses). Once
coded, the following ratios were calculated (85): (a) minimal
turns/total turns, (b) word errors/content words, (c) word
errors/turns, (d) number of content words/substantive turns, and
(e) nouns/substantive turns.

RESULTS

Six participants were recruited for the present study, and three
each were randomly assigned to either the WMC or WMI
conditions. Overall, participants had amean age of 59.2 years (SD
= 8.6 years), an average of 16 years of education (SD= 2.9 years),
and were 2.83 years post-onset of stroke, on average (SD = 2.1).
Individual participant details, as well as means for the WMC and
WMI conditions can be seen in Table 1.

Feasibility: Practicality and Acceptability
Overall, 37 participants introduced to the study from information
sessions expressed an interest in participating. After an initial
review of each participant’s file, 25 did not meet inclusion criteria
(e.g., due to a history of bilateral or right hemisphere strokes,
no stroke etiology, or pre-existing psychological disorders).
The remaining 12 were screened for eligibility. Of those,
one presented with a pre-existing cognitive impairment, one
with mild anomia, exceeding our cut-off of 75% naming
accuracy on the BNT, and three with moderate-severe apraxia
of speech (AOS). One participant also presented with AOS
and comprehension difficulties and did not have computer nor
Internet access. The resulting final sample size was six. Thus,
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TABLE 1 | Individual participant characteristics.

Code WM Condition Sex Age Education (yrs) Yrs Post Stroke Aphasia Type

WMI-1 Intervention M 59 14 1.25 Anomic

WMI-2 Intervention M 59 18 4 Anomic

WMI-3 Intervention F 53 21 0.75 Conduction

WMC-1 Control M 75 14 6 Broca’s

WMC-2 Control M 59 16 3.5 Anomic

WMC-3 Control M 50 14 1 Broca’s

Total Mean (SD) 59.2 (8.6) 16 (2.9) 2.83 (2.1)

WMI Mean (SD) 57 (3.5) 17.7 (3.5) 2 (1.8)

WMC Mean (SD) 61.3 (12.7) 14.7 (1.2) 3.5 (2.5)

All participants had a single left-hemisphere cerebrovascular accident and were premorbidly right-handed.

our initial recruitment target of 20 participants (i.e., 10 in each
condition) was not met.

However, the six participants who were enrolled in the
study completed it, and feasibility metrics were excellent for
protocol compliance, retention rate and lack of adverse events.
All participants completed 100% of PCA therapy sessions, and
100% of WM training sessions. In addition, only one deviation
from the protocol was noted: two participants in the WMC
condition (WMC-1 and WMC-3) engaged in the active control
task more than 5 days a week. Finally, with respect to the usability
of theWM training task, results from the SUS indicate an average
score of 69.2/100 for the WMI condition (i.e., WMI-1 = 65.0,
WMI-2 = 57.5, and WMI-3 = 85.0), and an average score of
47.5/100 for the WMC condition (i.e., WMC-1 = 40.0, WMC-2
= 60.0, and WMC-3= 42.5).

Feasibility: Preliminary Efficacy and
Communication Outcomes
Naming Accuracy of Treated and Untreated Words
Overall, all participants in both conditions showed
improvements in naming accuracy for the treated words
with a mean change of 45.6% (SD = 21.9%) from baseline- to
post-treatment, and 42.2% (SD = 22.78%) from baseline- to 1-
month follow-up. Individual participant WEST analyses indicate
significantly improved naming accuracy in four participants
(WMI-2, WMI-3, WMC-1 and WMC-3), two in each condition.
Three of these participants showed significant improvements
in naming accuracy at the 1-month follow-up stage as well
(WMI-3, WMC-1 and WMC-3). For the untreated words,
naming accuracy improved by a mean of 16.5% (SD = 11.7%)
from baseline to post-treatment, and by a mean of 23.2% (SD =

14.8%) from baseline to 1-month follow-up. According to WEST
analyses, two participants showed significant improvements in
naming of the untreated words at post-treatment (WMC-2)
and at 1-month follow-up (WMC-3), respectively (individual
participant scores are presented in Table 2).

Aphasia and Anomia Severity
Individual participant WAB-AQ and BNT scores at each
assessment time are presented inTable 3. Individuals in theWMI
condition showed an average improvement on the WAB-AQ of

5.4 points pre- to post-treatment, and of 8.6 points from pre- to
1-month follow-up. This change indicates a clinically significant
difference (i.e., a change of greater than five points, or 5%). In
comparison, individuals in the WMC condition did not attain
this benchmark, showing an average WAB-AQ improvement of
3.7 points pre- to post-treatment, and 3.8 points pre- to 1-month
follow-up. It is important to note, however, that individuals in the
WMC condition presented with overall lower WAB-AQ scores.

With respect to anomia severity, participants in the WMI
condition demonstrated an average of 10% improvement in
naming accuracy on the BNT pre- to post-treatment, and
11.7% pre- to 1-month follow-up. This corresponds to an
improvement in naming on six and seven items on the BNT,
respectively. As with the WAB-AQ, a change of greater than
three points out of 60 (or 5%) indicates a clinically significant
difference. In comparison, individuals in the WMC condition
showed an improvement in BNT naming accuracy of 2.2%
pre- to post-treatment, and a slight decrease (0.6%) pre- to
1-month follow-up.

Communication Effectiveness and Confidence
According to self-ratings on the CETI, communicative
effectiveness for participants in the WMI condition improved
by an average of 7.9% pre- to post-treatment, and 7.8% pre- to
1-month follow-up. Participants in the WMC condition made
a comparable improvement of 7.5% pre- to post-treatment, but
communicative effectiveness largely returned to pre-treatment
levels at the 1-month follow-up stage. According to partner
ratings of communicative effectiveness, the participants in
the WMI condition were rated 5.9% higher from pre to post
treatment, and 10.4% higher from pre- to 1-month follow-up.
Post-treatment CETI partner ratings were not available for two
participants in the control condition (WMC-1 andWMC-2), and
minimal (0.7%) change was seen in those in the WMC condition
from pre- to 1-month follow-up.

Ratings of communication confidence based on the CCRSA
show a similar pattern: participants in the WMI condition
rated themselves 10.8% higher from pre- to post-treatment, and
4.2% higher pre- to 1-month follow-up. In comparison, those
in the WMC condition rated themselves 2.5% higher pre- to
post-treatment, which largely returned to pre-treatment levels at
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TABLE 2 | Percent naming accuracy of treated and untreated words for each individual participant, across the three baseline periods, and at post-treatment and

follow-up.

B1 B2 B3 Mean (B1–B3) Post 4WFU

Treated words (%)

Intervention WMI-1 0.00 6.67 16.67 7.78 26.67 30.00

WMI-2 16.67 6.67 20.00 14.44 66.67* 46.67

WMI-3 10.00 10.00 16.67 12.22 86.67* 90.00*

Control WMC-1 10.00 26.67 6.67 14.44 80.00* 76.67*

WMC-2 33.33 13.33 3.33 16.67 46.67 53.33

WMC-3 3.33 0.00 0.00 1.11 33.33* 23.33*

Mean 12.22 10.56 10.56 11.11 56.67 53.33

SD 11.86 9.05 8.28 9.73 24.86 25.99

Untreated Words (%)

Intervention WMI-1 3.33 0.00 10.00 4.44 10.00 13.33

WMI-2 16.67 6.67 13.33 12.22 16.67 30.00

WMI-3 0.00 6.67 26.67 11.11 30.00 60.00

Control WMC-1 13.33 16.67 6.67 12.22 30.00 23.33

WMC-2 20.00 3.33 26.67 16.67 53.33* 46.67

WMC-3 0.00 0.00 3.33 1.11 16.67 23.33*

Mean 8.89 5.56 14.44 9.63 26.11 32.78

SD 8.86 6.21 10.04 8.37 15.55 17.31

*Significant WEST-ROC and WEST-Trend result, based on one-sample t-tests (one-tailed). Bonferroni-corrected for multiple comparisons (i.e., alpha = 0.05/4 = 0.013). Note. WEST

weighting factors are based on three baseline measures and one post-therapy measure (i.e., either post-treatment, or 4r-week follow-up). B1, Baseline 1; B2, Baseline 2; B3, Baseline

3; 4WFU, 4-week follow-up.

1-month follow-up. Please see Table 3 for individual participant
scores on the CETI and CCRSA.

WM Span Tasks
Although not the primary aim of the present study, results
from WM tasks suggest impairments in WM digit span in
our sample of participants with post-stroke aphasia. Overall
better performance was observed in the visual span task
for participants in both conditions. In addition, WMC-2
demonstrated improvements in the forward visual span task over
time, whereas participants WMC-1 and WMI-3 demonstrated
improvements in the backward visual span task over time. All
other participants remained relatively stable in their performance
on the WM span tasks. Please see Table 3 for details.

Discourse
Performance on the DCT did not notably change across
assessment times (Table 3). Discourse analysis of conversational
speech using the POWERS reveals variable performance across
participants and assessment times (see Table 4). Smaller ratios
of minimal turns/total turns, word errors/content words and
word errors/turn indicate better performance (ratios 1–3 in
Table 4). In the WMI condition, participant WMI-1 showed a
decrease in these ratios pre- to post-treatment and maintained
a small ratio of minimal turns/total turns at 1-month follow-
up. Participants WMI-2 and WMI-3 demonstrated stable or
increasing performance for these ratios. In the WMC condition,
all participants show decreasing ratios of word errors/content
words and word errors/turn across assessment times. The ratio

of minimal turns/total turns remained stable or increased in the
WMC condition, across assessment times.

A larger ratio of content words/substantive turns, and
nouns/substantive turns indicates better performance (ratios 4
and 5 inTable 4). In theWMI condition, participantsWMI-1 and
WMI-3 show increases in these ratios across assessment times;
WMI-2 shows relatively stable performance across assessment
times. In the WMC condition, minimal change and/or a slight
decrease in these ratios is noted across assessment times.

Interim Summary of Findings
The findings suggest trends toward greater improvement for
individuals in the WMI condition (e.g., WAB-R AQ; BNT;
patient reported CETI; CCSRA; conversational speech analysis).
However, other results do not distinguish performance of
individuals in the two conditions (e.g., performance on treated
and untreated words; DCT). Since the number of individuals in
each condition was too small to be analyzed separately as two
conditions, we chose to compare in detail the performance of two
well-matched patients from each condition, as described below.

Case Comparison
Given the small number of participants, and the variability
of findings summarized above, it is difficult to extract clear
patterns in the data between the participants in the WMI
and WMC conditions. Thus, in order to investigate the
potential benefits of combining WM training with anomia
therapy, we present here the case of participant WMI-
3, who demonstrated a notable increase in WM training
performance over the course of therapy (i.e., WMI-3 was
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TABLE 3 | Individual participant scores on measures of anomia and aphasia severity, communicative effectiveness and confidence, WM and discourse comprehension

across assessment times.

WM Intervention WM Control

WMI-1 WMI-2 WMI-3 Mean WMC-1 WMC-2 WMC-3 Mean

Western Aphasia Battery-Revised-Aphasia Quotient (WAB-R-AQ)

Pre 76.8 81.1 79.4 79.1 66.2 77.6 43.6 62.5

Post 85.2 82.5 85.7 84.5 72.2 77.2 49.0 66.1

1-month 84.6 92.9 85.7 87.7 76.6 81.3 40.9 66.3

Boston Naming Test (BNT)-Naming Accuracy (%)

Pre 13.3 38.3 40.0 30.6 65.0 55.0 15.0 45.0

Post 15.0 46.7 60.0 40.6 63.3 53.3 25.0 47.2

1-month 11.7 46.7 68.3 42.2 60.0 56.7 16.7 44.4

Communication Effectiveness Index (CETI)-Patient (%)

Pre 52.4 82.4 46.4 60.4 47.5 65.3 54.3 55.7

Post 57.4 64.0 83.5 68.3 49.2 63.5 76.6 63.1

1-month 41.5 83.8 79.5 68.3 53.4 73.1 43.2 56.5

Communication Effectiveness Index (CETI)-Partner (%)

Pre 47.8 71.0 61.6 60.1 46.1 60.9 77.6 61.5

Post 52.7 64.7 80.5 66.0 n/a* n/a* 69.4 -

1-month 57.1 63.1 91.2 70.5 53.1 n/a* 71.3 62.2

Communication Confidence Rating Scale for Aphasia (CCRSA; %)

Pre 57.5 72.5 65.0 65.0 60.0 75.0 60.0 65.0

Post 60.0 77.5 90.0 75.8 60.0 75.0 67.5 67.5

1-month 52.5 82.5 72.5 69.2 65.0 72.5 60.0 65.8

Wechsler Memory Scale (WMS) Digit Span - Forward (max score = 12)

Pre 8 7 0 5.0 4 8 0 4.0

Post 5 7 3 5.0 4 8 0 4.0

1-month 8 8 2 6.0 5 7 1 4.3

Wechsler Memory Scale (WMS) Digit Span-Backward (max score = 12)

Pre 4 3 2 3.0 2 3 1 2.0

Post 5 3 4 4.0 3 3 0 2.0

1-month 4 3 4 3.7 2 4 3 3.0

Corsi Block Tapping Visual Span-Forward (max score = 14)

Pre 10 5 8 7.7 6 5 5 5.3

Post 9 7 8 8.0 7 9 7 7.7

1-month 11 7 9 9.0 6 10 4 6.7

Corsi Block Tapping Visual Span-Backward (max score = 12)

Pre 7 7 6 6.7 7 7 7 7.0

Post 8 5 9 7.3 6 7 6 6.3

1-month 8 6 10 8.0 10 8 6 8.0

Discourse Comprehension Test (DCT)-Auditory (%)

Pre 92.5 92.5 77.5 87.5 75.0 77.5 65.0 72.5

Post 70.0 95.0 82.5 82.5 82.5 90.0 60.0 77.5

1-month 90.0 90.0 87.5 89.2 72.5 75.0 52.5 66.7

*CETI score not available (not completed accurately).

performing the dual WM task at the 3-back level by the
end of treatment). We compare the performance of WMI-
3 to a participant in the control condition, WMC-2, who
was well-matched in terms of age, education, years post-
stroke (see Table 1), as well as pre-treatment WAB-AQ, naming
performance and WM capacity (particularly for backward span
tasks; see Tables 2, 3).

After therapy,WMI-3’s naming accuracy for the treated words
improved from 30 to 90% (compared to an increase from
30 to 50% for WMC-2). WEST analyses indicate significantly
improved naming of the treated words post-treatment and at 1-
month follow-up for WMI-3, but not for WMC-2. Interestingly,
however, WMC-2 showed significant improvements in naming
of the untreated words post-therapy.
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TABLE 4 | Conversational speech analysis using POWERS parameters and

associated ratios across participants and assessment times.

Intervention Control

WMI-1 WMI-2 MWI-3 WMC-1 WMC-2 WMC-3

1. Minimal Turns/Total Turns

Pre 0.27 0.24 0.19 0.4 0.13 0.44

Post 0.15 0.33 0.19 0.57 - 0.4

1-month 0.08 0.29 0.2 0.61 0.31 0.52

2. Word Errors/Content Words

Pre 0.22 0.06 0.12 2 0.39 0.19

Post 0.05 0.17 0.26 1.47 - 0.07

1-month 0.23 0.15 0.28 0.89 0.28 0.1

3. Word Errors/Turn

Pre 0.67 0.15 0.76 1.59 0.89 0.31

Post 0.2 0.49 3.33 0.49 - 0.08

1-month 1.34 0.44 4.48 0.21 0.52 0.12

4. Number Content Words/Substantive Turns

Pre 4.31 4.19 8.2 1.97 3.2 3.22

Post 5.45 4.54 19.82 1.3 - 1.95

1-month 7.13 4.43 19.9 1.13 4.32 2.77

5. Nouns/Substantive Turns

Pre 1.11 1.33 1.4 1.41 1.92 0.7

Post 1.26 0.98 2.24 0.87 - 0.64

1-month 2.06 1.62 4.1 0.92 1.26 1

Post-treatment speech sample not available for WMC-2. All scores represent ratios based

on POWERS conversational parameters [as per (84, 85)].

In addition, WMI-3 demonstrated a mean increase of 7-
points on the WAB-AQ (compared to a mean increase of
3-points for WMC-2). Similarly, mean percent change on
the BNT was 24.2% for WMI-3, whereas WMC-2 showed
no mean change on the BNT across assessment times.
Interestingly, WMC-2 showed the greatest improvement on
the forward visual span task over time (mean change of
32.2%), whereas WMI-3 showed the greatest improvement
on the backward visual span task (mean change of 25.2%),
which, much like the n-back task, places greater demands
on WM updating capacity. Finally, WMI-3 but not WMC-2
showed improved ratings of communicative effectiveness, and
communicative confidence.

On the DCT, WMI-3’s performance improved by an
average of 7.5% and demonstrated the greatest amount of
improvement at 1-month follow-up. In comparison, WMC-
2 showed an average improvement of 5% on the DCT,
but this involved a return to baseline performance at 1-
month follow-up. Conversational analyses using the POWERS
indicate that although WMI-3 showed increased ratios of
word errors/content words and word errors/turn, she also
demonstrated improvements on the number of content words
per substantive turn and nouns per substantive turn at post-
treatment and at 1-month follow-up. In comparison, these
same improvements were not observed for WMC-2 (see
Table 4).

DISCUSSION

The aim of this pilot study was to evaluate the feasibility of a
combined treatment approach which involved self-administered
computerized adaptive dual n-back WM training, and clinician-
administered PCA treatment for anomia in post-stroke
aphasia. To assess feasibility, we also conducted an exploratory
investigation into the preliminary efficacy of a combined therapy
approach through detailed descriptions of trends in the data, as
well as a case comparison.

Feasibility: Practicality and Acceptability
Overall, our findings suggest that a self-paced, individualized
WM program, in combination with targeted face-to-face naming
therapy is feasible for individuals with post-stroke aphasia.
Compliance and retention rates were excellent: participants
followed through with both training protocols at the required
schedule. Only a single protocol deviation was noted, whereby
two participants in the WMC condition engaged with the
active control task more than expected. However, there was
no evidence that this influenced WM performance; the active
control condition remained at the 1-back level, and as such
did not increase in difficulty. The primary challenge in the
present study was recruitment. Our initial recruitment target
of 20 participants was not met, due to various barriers,
including strict inclusion criteria and limited resources for
face-to-face treatment. A potential solution to the latter
may be to offer virtual (see (73)) and/or self-guided PCA
treatment, which could access a greater number of individuals.
The excellent compliance rates for the virtual WM training
in this study suggest that virtually delivered therapy may
indeed be an acceptable option for individuals with post-
stroke aphasia. Although not eligible for other reasons, one
participant who was screened for the study did not have
computer or Internet access. Equipping individuals with the
technology needed for virtual therapy, or connecting them
with local telerehabilitation centers, may be necessary to
remove accessibility barriers and implement virtual treatment
approaches more broadly.

Results from the SUS indicate acceptable, but not excellent
usability scores for the WMI condition. Usability ratings may
have been impacted by difficulty with the n-back task (e.g.,
discriminating visual and auditory stimuli) or by the dual
nature of the task, which may have been too challenging for
some participants. A single n-back paradigm may be more
appropriate for the post-stroke aphasia population, although this
requires further investigation. It is important to continue to
solicit feedback from individuals with aphasia, in order to gain
valuable insights for additional aphasia-friendly modifications
that can be made in future iterations of this WM training
approach. As expected, those in the WMC condition found the
active control task somewhat repetitive, which could explain the
lower usability scores for the WMC condition. Despite these
difficulties, all participants persisted and completed the WM
training, which suggests that challenging tasks can be motivating
in therapy.
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Feasibility: Preliminary Efficacy and
Communication Outcomes
In the present study, preliminary efficacy was assessed using
a variety of outcome measures, with a focus on exploring
the added benefit in communication outcomes among
individuals who received a combined WM training and
anomia therapy approach (i.e., the WMI condition). Individual
by-item analyses of naming accuracy for the treated and
untreated words indicate significantly improved naming
of the treated words for four participants overall—two in
each condition. In addition, two participants demonstrated
significant improvements in naming of the untreated words
following therapy. These findings are in line with previous
work demonstrating that PCA induces significant changes
in naming in approximately 70% of participants (19, 23).
Although the small sample precluded statistical analysis,
naming improvements were also noted on the BNT (i.e., an
untrained naming task). Interestingly, participants in the WMI
condition made clinically significant improvements on the
BNT, whereas those in the WMC condition demonstrated
limited change.

This pattern is echoed in the participants’ WAB-R
performance over time. While participants in both the
WMI and WMC conditions demonstrated improvements
in the WAB-R AQ following intervention, only those in
the WMI condition demonstrated a clinically significant
change of greater than 5 points (83). These results suggest
a trend toward treatment-induced changes in anomia and
aphasia severity (i.e., becoming milder) for those in the
WMI condition. The comparison of two well-matched cases
provides further support for this trend. Participants WMI-
3 and WMC-2 presented with comparable demographics,
naming performance and aphasia severity (i.e., WAB-R AQ)
prior to treatment. Importantly, they also demonstrated
comparable pre-treatment WM capacity. Participant WMI-3
showed great improvements during WM training. Following
therapy, WMI-3 demonstrated significant improvements
in naming accuracy for the treated words, and clinically
meaningful improvement on the BNT and WAB-AQ. WMC-
2 did not show improvements in these areas. A similar
pattern was seen when comparing WMI-3 and WMC-2 on
communicative effectiveness, and communicative confidence.
In fact, participants in the WMI condition showed overall
greater and/or longer-lasting improvements in ratings of
communicative effectiveness and confidence, compared to those
in the WMC condition.

Although not a primary aim of this study, we also tracked
changes in WM performance over time, with a particular interest
in performance on the backward visual and digit span tasks,
which are more closely associated with WM (as opposed to
STM) capacity. Of note, all participants demonstrated someWM
deficits on the digit span task, corroborating previous work (36,
40–43). Performance on the visual span task was generally better
than performance on the digit span task, suggesting that the
former may be amore appropriate measure ofWM in individuals
with aphasia, as it may remove some of the confounds associated
with the language impairments in question. No discernible

differences in WM performance were noted between individuals
in the WMI and WMC conditions.

Interestingly however, participant WMI-3, who showed
great progress during WM training, also demonstrated
a large improvement in performance on the backward
visual span task (i.e., a measure of WM that more closely
resembles the updating demands of the n-back task). In
comparison, WMC-2, who was in the active control condition,
demonstrated a large improvement in performance on the
forward visual span task (i.e., a measure of STM). In line
with previous work [e.g., (54)], this finding encourages
more research on the potential for WM training programs
(such as N-Igma) to improve WM capacity in people
with aphasia.

Finally, participants in both conditions demonstrated some
improvement in their conversational discourse, tending to
contribute more meaningfully and accurately to conversations
following therapy (i.e., reducing minimal turns and word
errors). However, participants in the WMI condition also
demonstrated an increased proportion of content words and
nouns following therapy. As above, this is underlined in the
comparison of WMI-3 and WMC-2, whereby the former (but
not the latter) demonstrated improvements in the proportion
of content words and nouns used in conversational speech.
This finding may suggest that treatment at the single-word
level can transfer to a discourse task, possibly by increasing
the availability and use of content words and nouns. The
added benefit of WM training may be to support the
active maintenance of, and access to, the words needed in
a conversational task, as has been suggested in previous
work (45).

Although improvements were noted in discourse production,
limited change was observed in discourse comprehension on the
DCT. This result may be due to higher levels of comprehension
at baseline across the participants, or otherwise, because the DCT
is not an appropriate outcome measure for the PCA treatment
approach (i.e., which primarily targets production abilities).
Previous work has shown that WM training in individuals with
aphasia can lead to improvements in sentence comprehension
[e.g., (54)]. Thus, perhaps a sentence (rather than discourse)
comprehension task may be a more appropriate outcome
measure to include in future studies.

Limitations
The primary limitation of the present study is the small sample
size, which only allowed for a descriptive analysis of the data.
Given the numerous factors that can impact treatment outcomes
in individuals with post-stroke aphasia, replication in a larger
and more homogeneous sample is imperative. Also, it is notable
that while participants in the WMI condition presented with
somewhat milder aphasia (based on the WAB-R AQ), they also
presented with a more severe anomia (based on the BNT). As
such, pre-therapy status between individuals in the intervention
and control conditions was not matched which may have
influenced the results.
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CONCLUSION

Further research is needed to better understand the efficacy of
combined WM training and language therapy for the treatment
of aphasia (54). As well, further investigation of the different
cognitive abilities that potentially underpin treatment response
at different stages of recovery is warranted (45). Nevertheless,
the present findings suggest that a combined treatment for
both WM and naming deficits in individuals with post-
stroke aphasia is not only feasible but may have the potential
to augment treatment efficacy and support generalization to
broader communication contexts.
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