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General introduction

Stroke is one of the leading causes of acquired long-term disability in adults. 2 Frequent
consequences of stroke include cognitive, sensory and motor deficits, and additional
problems such as depression, anxiety and fatigue.®4 Acute stroke care has improved
dramatically in the last two decades approximately with the introduction of intravenous
thrombolysis and endovascular treatment, and has increased post-stroke survival rates.>®
Yet, the global burden of stroke will significantly increase due to the ageing population
and an increasing life expectancy in developed countries. ® Despite the advancements in
acute stroke care, the absolute number of stroke survivors who never achieve complete
restoration of function, and live with the consequences of stroke, is therefore increasing. 1°

In most European countries, different institutions such as hospitals, geriatric rehabilitation,
and rehabilitation centers are involved in the provision of stroke care. %12 More than half of the
stroke patients return home after acute stroke care in the hospital. Yearly, about one quarter
of the hospitalized stroke patients is referred for rehabilitation in a specialized rehabilitation
center or in a rehabilitation department in a general hospital, of which approximately one
third starts as an inpatient.*® Older patients with multiple comorbidities are often referred
to a geriatric rehabilitation center or to a chronic nursing facility. The main goal of stroke
rehabilitation is to reduce the patientss disability and to improve participation and health-
related quality of life. *

Loss of arm function

Physical disability after stroke is most often caused by sensorimotor impairments, which
include a loss of strength and sensation in one or more extremities. 1 Up to 85% of
people with acute stroke experiences upper limb paresis, which is muscle weakness of the
paretic arm. About half of the stroke patients with reduced arm function in the sub-acute
phase after stroke still experiences functional deficits in the chronic phase. ** Impaired arm
function is associated with low health-related quality of life (HRQoL), as it leads to difficulties
with activities of daily living (ADL), such as reaching, picking up objects or using cutlery. 6
Whilst some research has been carried out on the association between arm function and
HRQoL, there has been no longitudinal investigation of changes in HRQoL in relation to
improvement in arm recovery. The loss of arm function is often considered to be the most
distressing long-term impairment for stroke patients. 5718

A qualitative study on the personal experience of upper limb recovery from the stroke
survivorss perspective revealed that patients were in no doubt that getting going and
keeping going with exercise was the physical means to keeping the door open for recovery. 1®
Unsurprisingly, identifying the best treatments for arm function recovery was therefore
defined as a top-ten research priority relating to life after stroke by stroke survivors,
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care givers, and clinicians!® For the above-mentioned reasons, we need to improve our
understanding of upper limb recovery processes, develop optimized treatment strategies,
and identify factors that predict motor outcomes. The predicted recovery of motor function
influences decision-making regarding goals, type, and duration of rehabilitation for each
patient.

Stroke recovery

Recovery can be described as improvement of body function and structure, activities,
and participation. 2° Stroke recovery occurs through a combination of restoration and
compensation of functions. 2* True functional recovery (i.e. restitution of function) refers to
the process in which movement patterns change toward the original state before injury. In
contrast, compensation means the use of alternative movements in order to replace a lost
behavior.?22® The interaction of post-stroke plasticity mechanisms (e.g. reorganization of
neuronal networks, recruitment of functionally homologous pathways) and sensorimotor
training can contribute to true recovery. Substitution is influenced by the use of explicit

and implicit compensatory strategies. 2* However, the distinction between recovery and
compensation can rarely be made by traditional outcome measures, and compensatory
movements may be mistaken for recovery.?

Most patients experience some degree of recovery of their lost motor function over
time.?® The greatest improvements in upper limb function occur generally within the first
three months after stroke due to spontaneous recovery and increased responsiveness to
enriched environments and training (Figure 1.1). In this sub-acute phase spontaneous
neurological recovery seems to follow a predictable pattern. This is expressed by the 70%
proportional recovery rule, which states that the majority of the patients (recoverers) gain
a fixed proportion (i.e. 70%) of their potential recovery, measured with the Fugl-Meyer
assessment of the upper extremity (FM-UE) 2728 Non-recoverers fail to follow this predictable
pattern and do not show a significant amount of recovery. 2-2However, recently the 70%
proportional recovery rule has been criticized for overestimating the predictability of the
FM-UE.30 Predictions for arm function recovery are difficult to make for individuals, due
to substantial interindividual variability (e.g. initial neurological deficit, absolute degree of
reactive recovery), and this has led to a growing interest in biomarkers of motor recovery
and outcomes. 3133
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Figure 1.1: Hypothetical pattern of recovery after stroke over time.
Adapted from Kwakkel, Buma and Selzer (2014)3

Predicting arm recovery and treatment effects

Combining different biomarkers of motor recovery and outcomes (such as clinical, transcranial
magnetic stimulation (TMS) and magnetic resonance imaging (MRI) measures) has shown
to improve the accuracy of upper limb recovery predictions. 2°2* Clinical measures of
initial severity of motor impairment (e.g. from the FM-UE or Action Research Arm Test), ¢
neurophysiological measures of intactness of the corticospinal tract (e.g. from TMS), and
neuroimaging biomarkers of structural integrity of white matter of descending white matter
pathways (e.g. from diffusion-weighted MRI) have been related to motor outcomes.
However, despite current advancements in recovery biomarkers, there is no consensus
about which biomarkers have the highest predictive value for motor recovery. 3 An accurate
prognosis of an individualss potential for recovery, and an understanding of upper limb
recovery patterns in association with post-stroke brain plasticity, would enable individual
rehabilitation decisions. %

Knowledge of the upper limb recovery processes is essential for improving existing
rehabilitation treatments and for developing new treatments, with the focus on optimizing
therapy content, dose, duration, and delivery post-stroke. In general, the intervention should
be of sufficiently high intensity and dose to induce the presumed neuroplastic changes that
would underlie stroke recovery. *"® Treatments should be task- and context-specific,* and
targeted towards the individualss goals to facilitate motivation and engagement in therapy. *°
Despite the collective mindset stime is braine and early commencement of rehabilitation
post-stroke in clinical practice guidelines, there is no intervention, besides revascularization
through intravenous thrombolysis or endovascular treatment, that has proven to have a

11
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significant impact on spontaneous recovery. 224° However, much is still unknown about the
interaction between spontaneous recovery, the sensitive period for improvement, and
(novel) rehabilitative interventions. 21241

Non-invasive brain stimulation

Different restorative therapies to enhance true recovery are currently under study: growth
factors, stem cells, pharmacological compounds, activity- and cognitive-based training,
robotics and brain computer interfaces, and brain stimulation. There has been a particularly
growing interest in the use of non-invasive neuromodulation to enhance motor function
recovery after stroke.*?4*Several studies have suggested that non-invasive brain stimulation
(NIBS) promotes motor recovery of the upper limb, possibly through enhancement of motor
cortex plasticity. 32#6 NIBS techniques, such as repetitive TMS (rTMS) and transcranial direct
current stimulation (tDCS), have the potential to increase or decrease cortical excitability,
depending on the parameters of stimulation (Figure 1.2). 4"*High-frequency rTMS ( 3 Hz) or
intermittent theta burst stimulation (TBS), a specific rTMS stimulation protocol, can increase
cortical excitability corresponding to long-term potentiation. Low-frequency rTMS ( 1 Hz)
or continuous TBS can decrease excitability corresponding to long-term depression. 474950
However, the effect sizes of therapeutic TMS are low and there is a high response variability
between subjects receiving rTMS.® Factors like cortical thickness, activation history of the
target hand muscle, and genetic variation are possible influencing determinants. 47505253
Another NIBS technique, tDCS, which is also able to modulate cortical excitability, applies
aweak electrical current (e.g. 1...2 mA) between two electrodes (anode and cathode) on the
scalp, with the resulting current flow depending on the electrode placement and interaction
between the two electrodes. 5%

Anode Y Cathode
) positive } negative

£ 0
', W

Direction of current flow

4

Figure 1.2: Non-invasive brain stimulation techniques: TMS (left) and tDCS (right).
Adapted from George and Aston-Jones (2010). %
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Until recently, the so-called interhemispheric imbalance model has been the basis for most
NIBS protocols aimed at improving stroke recovery. " This model assumes that after a stroke
there is a reduced inhibition from the affected hemisphere to the unaffected hemisphere.
The resulting increase in excitability of the unaffected hemisphere leads to excessive
interhemispheric inhibition onto ipsilesional cortical areas. *--¢°However, the validity of
the interhemispheric imbalance model has been questioned, in particular for severely
affected patients for whom contralesional areas may hold a compensatory role in motor
recovery.5:62 An alternative model, based on vicariation, postulates that compensatory
processes in homologous areas of the unaffected hemisphere lead to adaptive plasticity. 26
Additionally, the bimodal balance recovery model unifies the opposite neuromodulatory
approaches.’ If there is a high structural reserve (i.e. preserved integrity of the white matter
motor pathways), over-activation of the unaffected hemisphere would be maladaptive, and
then the interhemispheric inhibition model would dominate. If there is a limited structural
reserve, over-activation could be compensatory, and thus the vicariation model would
dominate. %* However, the validity of the models is yet to be determined, as which clinical
and imaging-based biomarkers are reflective of these models and may be predictive of
responses to NIBS in recovering stroke patients.

rTMS treatment

Earlier meta-analyses of small randomized controlled trials (RCTs) suggest that rTMS is able
to transiently improve motor outcome of the paretic arm after stroke. By contrast, other
studies failed to demonstrate long-lasting improvements in motor function. 4265 Thus, there
are large differences between the results of RCTs, which could be explained by significant
heterogeneity of patient population characteristics, intervention parameters, and selected
outcome measures.’”®® Some studies demonstrated that the efficacy of rTMS depends on
neural network connectivity. %7 A recent RCT in 199 patients 3 to 12 months after stroke
failed to demonstrate any beneficial effect of contralesional inhibitory stimulation paired
with arm-motor training. "* However, the lack of benefit may have been due to the initiation
of treatment in the chronic phase post-stroke, as has been done in most studies. To date,
little is known about the relation between the timing of rTMS after stroke and its efficacy.
Currently, the implementation of interventions such as TMS in clinical practice remains low.
Implementation of interventions is often limited by several barriers, such as unknown cost-
effectiveness, usability and acceptance by therapists and patients, and the way in which
the effectiveness of the intervention has been evaluated. 7> An investigation of patients
experiences and expectations of an intervention would be helpful to enhance successful
implementation.

13
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Upper limb outcome measures

The evaluation of the effectiveness of upper limb treatments and the evaluation of patientse
motor recovery progression are important aspects of clinical practice and (pre)clinical
research. Clinicians and researchers use a wide range of measures to assess upper limb
recovery, which limits the ability to detect the efficacy of an intervention through pooled
analysis’®" Furthermore, in the translation of preclinical findings to clinical practice it is
often neglected that true recovery and compensation are different. The Stroke Recovery
and Rehabilitation Roundtable (SRRR) responded to the need of a standardized approach
for measuring upper-limb recovery, both clinically and preclinically, and presented a core
set of valid measures that should be used in every stroke recovery and rehabilitation trial
and should be assessed at fixed time points post-stroke. *~77It has been acknowledged
that outcome measures should capture domains that are meaningful to patients and enable
them to recognize their (improved) performance, for example by the use of patient-reported
outcome measures.’”® As the time course of upper limb recovery is non-linear and is driven
by poorly understood processes of neural recovery and compensation strategies, outcomes
assessed by researchers or physicians and those reported by patients themselves may differ,
also depending on the timing of assessment post-stroke.

Aim and outline of the thesis

The overall aim of the thesis is to provide a perspective on the understanding and
assessments of post-stroke impairment and recovery, and on the potential of NIBS
techniques, particularly TMS, to improve upper limb performance.

The thesis is divided in two parts. The first part reports on the results of three studies on the
assessment of upper limb recovery, of which the first is a translational study on upper limb
recovery patterns in the context of skilled reaching (i.e. reach-to-eat movement) in rodents
and humans, and their relation with clinical outcomes ( Chapter 2). The second study focuses
on observational versus self-reported clinical measures for upper limb capacity (Chapter 3),
while the third study deals with the role of upper limb strength in HRQoL in stroke patients
discharged from inpatient rehabilitation ( Chapter 4). The second part of the thesis outlines
the available evidence of efficacy of NIBS techniques in post-stroke motor rehabilitation,
based on a systematic review and meta-analysis Chapter 5). The second part also describes
the study protocol of an RCT on therapeutic rTMS to improve upper limb function in patients

in the first weeks after stroke (Chapter 6), and it reports results from a qualitative study that
evaluated the experiences of patients who participated in this RCT ( Chapter 7). The thesis
ends with a general discussion of the main results and methodological considerations, and
it includes several recommendations for clinical practice and future research (Chapter 8).
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Chapter 2

Abstract

Background: Assessment of skilled reaching enables extensive analysis of upper limb
function in clinical and preclinical studies on post-stroke outcome. However, translational
research if often limited by lack of correspondence between tests of human and rodent
motor function.

Objectives: To determine 1) the translational value of skilled reaching performance for
preclinical research by comparing the behavioural recovery profiles of skilled reaching char-
acteristics between humans and rats recovering from stroke, and 2) the relationship between
skilled reaching performance and commonly used clinical outcome measures after stroke.

Methods: Twelve patients with ischemic or hemorrhagic stroke and seventeen rats with
photothrombotic stroke underwent an equivalent skilled reaching test at different time-
points, representing early to late sub-acute stages post-stroke. Success scores and a
movement element rating scale were used to measure the skilled reaching performance.
The Fugl-Meyer Upper Extremity (FM-UE) assessment and the Action Research Arm Test
(ARAT) were used as clinical outcome measures.

Results: Both species had muscle flaccidity at the early sub-acute stage after stroke and
showed motor recovery following a proximal-distal principle towards the early sub-acute

stage, albeit for rats within a shorter time-course. Human skilled reaching scores and FM-UE
and ARAT scores in the first three months post-stroke were significantly correlated (p < .05).

Conclusions: Our study demonstrates that post-stroke changes in skilled reaching perfor-
mance are highly similar between rats and humans, and correspond with standard clinical
outcome measures. Skilled reaching testing therefore offers an effective and highly transla-
tional means for assessment of motor recovery in experimental and clinical stroke settings.
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Introduction

Upper limb impairment, such as a hemiparesis of the contralateral limb, is diagnosed in

about 75% of the stroke patient population. 12 Upper limb impairment limits functional

independence, participation in social roles, and a return to work. * Impairments in skilled
use of the hands are cardinal features of post-stroke motor dysfunction, * and compensatory
movement patterns, e.g. excessive trunk displacement and increased reliance on the non-
paretic hand, are common responses to hand function loss.®

Compensation is often mistaken for recovery, since some compensatory movement patterns
are subtle enough to be undetected in clinical outcome measures that focus little on qualitative
aspects of movement.® In the process of post-stroke motor recovery, early adoption of
compensation strategies may lead to learned disuse or training-induced misuse of the impaired
limb, which in the long term can limit a patientes rehabilitation. 7 In addition, when recovery
is evaluated without taking compensation into account, this could distort understanding of
the contribution of neural plasticity to post-stroke recovery. This is particularly relevant in
basic neuroscience studies and translational research on spontaneous recovery or restorative
treatments,®” which often make use of animal models, mostly involving rodents. However,
translational research is often limited by lack of correspondence between tests of human and
rodent motor function. 8° Skilled reaching assessment has been proposed as one of the most
potent translational behavioral tests for studying post-stroke recovery in rodents. ° The typical
task requires that a subject reaches for and subsequently grasps a small food item with a single
hand/paw, and subsequently brings it to the mouth for eating. 1° Skilled reaching (conventional
term for reach-to-eat) movement patterns show significant homologies between rodents and
humans,*--3which offers valuable opportunities for translational research.

Guidelines to enhance the alignment of preclinical and clinical stroke recovery research
pipeline have recently been published by the Stroke Recovery and Rehabilitation Roundtable
(SRRR) consortiuni. Behavioural outcome measures have received special consideration
and it has been recommended that clinically relevant deficits, such as skilled reaching
should be the main focus of preclinical behavioural testing. ** The time-course of recovery
is more rapid in rodents than in humans, 1% and it remains to be determined to what extent
behavioural recovery profiles in rodent stroke models are representative for functional
recovery patterns in stroke patients. To our knowledge, the development of skilled reaching
performance over time after stroke has not yet been directly compared between rats and
humans. Therefore, the aim of our study was to determine the degree of correspondence
of temporal changes in several skilled reaching characteristics in rats and humans between
early and late subacute stages post-stroke. To further evaluate the translational value of
skilled reaching, our second aim was to determine the relationship between skilled reaching
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performance and commonly used clinical outcome measures (i.e. Fugl-Meyer assessment
and Action Research Arm Test scores) in subacute stroke patients.

Methods

Stroke patients

Human data for this study was collected from the B-STARS trial, which assesses the effect

of repetitive transcranial magnetic brain stimulation (rTMS) on upper limb recovery after
stroke.*® Patients were included from whom complete skilled reaching, FM-UE and ARAT
data was available for the first three months after stroke. The B-STARS trial, which was
ongoing at the time of submission of the current manuscript, is a stratified, randomized
controlled trial consisting of a two-week rTMS or sham-stimulation treatment starting at

2...3 weeks post-stroke. Twelve patients from both treatment groups were included, and
investigators were blinded for group assignments. Patients with completed skilled reaching
assessments between November 2018 and November 2019 were included. At seven time
points, multiple performance assays and functional tasks have been conducted to monitor
upper limb recovery, among which a skilled reaching task, Fugl-Meyer Upper Extremity
assessment (FM-UE) and the action research arm test (ARAT) (details described below).
Outcomes from assessment at 2...3 weeks (before intervention), 4...5 weeks (28...35 days) (no
FM-UE assessment), 6 weeks (40...44 days), 9 weeks (59...67 days), and 11...15 weeks (76...104
days) post-stroke were used for the current study. All patients underwent MRI sessions at
5...6 weeks, 11...15 weeks, 22...26 weeks, and/or 46...50 weeks (see Appendix 2.1). All patients
were inpatients of a rehabilitation facility in the Netherlands. The inpatient rehabilitation
program consisted of a multidisciplinary approach to reach complex (physical and cognitive)
rehabilitation goals. Full details of the B-STARS trial have been reported elsewhere. ¢

The B-STARS protocol has been approved by the Medical Ethics Committee of the University
Medical Center Utrecht and the participating rehabilitation centre. The trial is registered
in the Dutch Trial Register (Trial NL5952). All patients gave (written) informed consent to
participate in the trial.

Rat stroke model

Animal data was collected from a randomized controlled pre-clinical trial, which was ongoing
at the time of submission of the current manuscript, to assess the effects of rTMS (versus sham
stimulation) on forelimb recovery after unilateral photothrombotic stroke in the forelimb region

of the sensorimotor cortex. Rats from both treatment groups were included, and investigators
were blinded for group assignments. Details on the photothrombotic stroke induction and
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rTMS protocols can be found in Appendix 2.1. Seventeen male Sprague Dawley rats (Charles
River Laboratories, Sulzfeld, Germany) (326, + 26 g, 10 weeks old at the time of stroke
induction) underwent skilled reaching tests (details described below) at days 0 (pre-stroke), 3,
9, 16, and 23 post-stroke. Animals underwent MRI, which included anatomical MRI for lesion
detection (see Appendix 2.1) at 2, 17 and 24 days post-stroke. All experiments were approved
by the Animal Ethics Committee of the University Medical Center Utrecht, The Netherlands,
and were conducted in agreement with Dutch laws (sWet op de DierproevenZ, 1996) and
European regulations (Guideline 86/609/EEC).

The animals were housed under a regular 12-hour light/dark cycle and at constant tempera-
ture (24°C, 45...65% humidity). Prior to the stroke induction surgery, the rats underwent skilled
reaching training and were housed per 2 or 3 in standard cages (30 x 40 x 20 cm?®). During
skilled reaching training (described in Appendix 2.1), the animals were food-restricted to
reach 90% of their initial body weight by receiving 26...30 g of food per cage (daily), with
water freely available.

Three days after stroke induction, the animals were moved to an enriched environment,

as a standard procedure, representing a clinical rehabilitation setting. *” While the animals
were housed in groups of 4...5 in the enriched environment, they were only food-deprived
during the dark cycle before a skilled reaching test.

Skilled reaching task ... humans

Stroke patients were seated in a chair, with their feet flat on the ground and hands palm
down on their thighs with the fingers extended. A small food item (Kellogges © Honey Pops
Loops) was placed on a pedestal positioned in front of the patient, adjusted to their trunk
height and arm length at full extension (10 cm beneath the outstretched palm) (see Figure
2.1A). The patient was asked, in a standardized way by the researcher, to reach for the
food item, grasp it, and place it into the mouth for eating. The skilled reaching task was
performed once for the non-paretic side and at least once (out of maximally five attempts)
for the paretic side at each time-point.

Skilled reaching task ... rats

Rats were placed in a rectangular skilled reaching box made of transparent Plexiglas (Figure
2.1B). The animals were trained to grasp (at least 20) sugar pellets through a vertical slot
(1 cm wide, extended 3 cm above the floor) in the front wall of the box. On the outside of
the wall, in front of the slot, mounted 3 cm above the floor, was a shelf with an indentation
allowing pellet placement slightly lateral to the opening of the slot. This off-center
positioning of the pellet forced rats to use their dominant/preferred forelimb (determined
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Figure 2.1: Set-up of the skilled reaching task for humans (A) and rats (B) (single frontal image from
video recording).

during the training phase) to obtain the target. For the study, the rats executed 20 trials.
However, in some cases (21% of all sessions) less trials were executed due to impairment or
motivation issues. Details on the skilled reaching (schedule) and food restriction protocols
can be found in Appendix 2.1.

Video recording

High-speed video recording from the frontal perspective was used for humans (Panasonic
HC-V770) and rats (Panasonic HC-V520) with a shutter speed set at 1/1000 frames per
second, to produce a blur-free image for frame-by-frame playback (see Figure 2.1). For
recordings of skilled reaching in rats, two specific light sources were used.

The recordings were analyzed using VLC media player (VideoLAN, Paris, France). Analyses of
the human and rodent data were performed independently by a clinical (AJP) and preclinical
researcher (CLvH), respectively.

Skilled reaching performance

Reaching behavior was analyzed 1) from the end-point measure of success, and 2) with a
movement element scoring system. A reach was defined as a success when the food item
was grasped, transported by the hand or paw, and placed into the mouth.

Success percentage was expressed as the number of subjects (patients or rats) that could
execute a successful, fully completed reach (i.e. food item was grasped, transported by
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the hand or paw, and placed into the mouth), divided by the total number of subjects,
for each individual time-point. This adapted measure of successful reaching was used for
comparison across species. Stroke patients executed the reaching task up to maximally five
times, to limit the time and the impact of fatigue and frustration associated with repetitive
task executions and recurrent failures, respectively. For rats, the conventional measure of
success rate, i.e. the percentage of successfully obtained pellets with respect to the number
of trials, was also calculated.*®

Skilled reaching performance was scored using a biometric rating scale, based on a
conceptual framework derived from the Eshkol-Wachmann Movement Notation (EWMN). 8
The EWMN describes the position of the individual limbs, the trunk, the snout (rat), and the
head in relation to the body or the food (pellet), with the body treated as a system of axes ( i.e.
limb segments, trunk axis, and snout axis (rat)). For stroke patients, the best attempt (fully or
furthest completed) with the paretic limb was selected for movement analysis with the Eshkol-
Wachmann Movement Notation-Derived Reaching Scale (EW-DRS). This scale is divided into
seven elements: orient, lift, advance, pronate, grasp, supinate, and release. Each element
is described with regards to its proper execution, e.g. «initial hand lift is due to flexion of
the elbowZ, and strunk leans to the side opposite to the reach as hand approaches the
targetZ.*° The elements were further divided into two or more sub-elements that are rated
on a 3-point ordinal scale, from 0 (movement was normal) to 0.5 (movement was present but
abnormal orincomplete) to 1 (movement was absent). Elements that could not be executed,
were scored as no movement (i.e. score of 1). The overall score was the sum of all sub-
element scores (possible range: 0 to 21), with lower scores representing better performance.
Sum scores were converted to a 0...1 scale by dividing by the maximum score, to allow
direct comparison between the movement elements and against corresponding rat data.
For each rat, the three best reaches (fully or furthest completed) for each session were
scored, averaged and selected for further movement analysis with an EW-DRS adapted
to Sprague-Dawley rats.*® Eleven elements of the reaching behaviour were scored, with a
similar scoring system as described for the humans. The total overall score was the sum of
the element scores (possible range: 0 to 11). The sum score was converted to a 0...1 scale,
as described above for the human data.

A full description of the skilled reaching performance scoring in humans and rats is provided
in Appendix 2.2.

Fugl-Meyer Upper-Extremity Assessment
Stroke patients underwent the Fugl-Meyer Upper Extremity (FM-UE) assessment, which is a
standard motor performance-based test consisting of 33 tasks performed with the affected
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upper limb. 22t The FM-UE assessment focuses on upper limb motor impairment with regard
to synergistic motor control. Performance on each task was scored on a 3-point scale, with
higher ratings representing better performance (possible range 0 to 66 points). 2

Action Research Arm Test

Stroke patients underwent the ARAT, which is a performance test that assesses the ability
to perform gross movements and the ability to grasp, move and release objects differing
in size, weight and shape.?® The test consists of 19 items, rated on 4-point ordinal scale
(0...3), with a maximum score of 57 (best performance).

Statistical analysis

Generalized linear mixed models for human data were used to compare skilled reaching
performance on the movement sub-elements at each time-point post-stroke in comparison
to the first measurement. This data were treated as interval data as defined by Field and
Hole (2003),2* and therefore an ordinal logistic regression approach was used. In the analyses
we included a random intercept, and time as a fixed effect. Linear mixed models for human
and rat data were used to compare reaching performance on the movement elements (rat)
and sum scores (human and rat) at each time-point post-stroke.

Linear mixed models were also used to assess temporal changes in patientse relative sum
scores (normalized to a percentage of the maximum score of that particular test) for the
skilled reaching, ARAT and FM-UE assessments, as well as their mutual relationships. For
comparison with the ARAT and FM-UE scoring system, skilled reaching movement scores
were reversed for each of the movement elements (i.e. higher scores representing better
performance; O became 1, 1 became 0).

Pearsonss correlation coefficients were calculated to assess the relationship between patientse
skilled reaching, ARAT and FM-UE scores at different time-points post-stroke. Significance
levels were set at p = .05. All statistical analyses were performed using SPSS, version 25.0.

Results

Subjects

Twelve patients were included. In ten of these patients, the non-dominant side was affected.
Eleven patients were right-handed. Infarcts were subcortical, mixed cortical and subcortical,
or in the brainstem, with lesion volumes ranging between 0.4 and 192 x 10 *mm?(0.1...26.3%
of the hemispheric volume). Table 2.1 shows the demographic and clinical characteristics.

30



Post-stroke skilled reaching in humans and rats

From the preclinical study, seventeen rats were included. Three of the seventeen rats had
to be euthanized prior to the end of the study (i.e. before day 23) because of welfare issues
due to severe weight loss or inner ear infection, resulting in missing data-points. Rats all had
stroke on their dominant (for reaching) side. Infarcts were located in the sensorimotor cortex
(see Appendix 2.3, Figure S2.4 for representative anatomical MR images) and had a size
of 22 + 6 mm 3 (2.9 + 0.8% of the hemispheric volume). Table 2.2 shows the demographic
and clinical characteristics.

Table 2.1: Patientse demographic and clinical characteristics at enrollment

Age, years; mean (SD) 58.3 (10.2)
Male/Female 715
Handedness 11R, 1L
Time post-stroke, days; mean (SD) 14.7 (3.6)
Lesion side 10ND, 2D
Stroke subtype 8SC,2M,2B
Lesion volume, x 10° mm?3; mean (SD} 21 (57)
FM-UE score; mean (SD) 18.6 (13.1)

! From 11 patients with MRI scan between 6 and 50 weeks post-stroke.
Abbreviations: SD: standard deviation; FM-UE: FM-UE: Fugl-Meyer Upper Extremity; L: left; R: right;
D: dominant; ND: non-dominant; SC: subcortical; M: mixed cortical and subcortical; B: brainstem.

Skilled reaching success scores

The percentages of patients that could successfully perform the skilled reaching task at
the different time-points post-stroke are shown in Figure 2.2A. A quarter of the patients
could successfully perform skilled reaching at 2...3 weeks post-stroke (early subacute). The
success percentage increased over time and was 67% at 11...15 weeks after stroke. The
success percentage for skilled reaching with the unaffected arm was 100% at all time-points.

Table 2.2: Ratse demographic and clinical characteristics

Age, weeks; mean (SD) 10 (0)
Male/Female 17/0
Lesion side 17D
Stroke subtype 17C
Lesion volume, mm?; mean (SD} 22 (6)
SR success raté %; mean (SD) 17 (16)

* From anatomical MRI scan at 17 days post-stroke;? At day 3 post-stroke.
Abbreviations: D: dominant; C: cortical; SD: standard deviation.
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The success percentages at different post-stroke time-points for the rats are shown in Figure
2.2B. The percentage of animals that executed at least one successful reach at the first
early subacute time-point (3 days post-stroke) was 65%, which subsequently increased. At
the final late subacute time-point (23 days post-stroke), 82% of the rats could successfully
execute the skilled reaching task. The success percentage before stroke was 100%. The
conventionally calculated success rate in rats, i.e. the percentage of successfully obtained
pellets with respect to the number of trials, was 38 + 17% before stroke, dropped to 17

+ 16% at 3 days after stroke, and partially recovered to 25 + 20% at day 23 post-stroke
(Appendix 2.3, Figure S2.5).

A Humans

%.

W

B Rats

%.
$- I I
! & $ !

Figure 2.2: Success rate of skilled reaching performance (% of subjects) at different time-points after
stroke in human patients (top) and rats (bottom).

Humans had a success rate of 100% with the unaffected arm at each time-point. Rats had a success
rate of 100% pre-stroke.
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Movement (sub)element scores

Figure 2.3 shows the patient and rat scores for the individual movement (sub)elements
during execution of the skilled reaching task at the different post-stroke time-points. At
all post-stroke time-points, the movement element orient was unaffected in patients as
well as rats, reflected by a score of 0 for the orient (sub)element(s). All other movement
elements were affected (i.e. incomplete or absent) as a result of the stroke, although scores
were generally higher ... reflective of a higher degree of deficiency ... in patients than in rats.
At the second time-point (4...5 weeks after stroke in patients; 9 days after stroke in rats)
there were significant improvements for most movement elements in comparison to the
first measurement (p < .05), except for the movement sub-elements advance C, pronation
C, grasp B and release B in patients (p > .05). In rats, there were significant improvements
for the movement elements supination (I and Il) and release at the second time-point
(p <.05), and additional improvements for the movement elements supination | and release
were measured at subsequent time-points.

From week six towards the last time-point in patients, most movement elements, including
sub-elements grasp B and advance C, showed significant improvement (p <.05). Movement
sub-elements pronation C and release B, however, showed no significant improvement at
weeks six and nine.

At the final time-point (11...15 weeks after stroke in patients; 23 days after stroke in rats)
all movement sub-elements in patients, except for release B, were significantly improved
compared to the first time-point ( p <.05). In contrast, in rats only the movement elements
digits open, supination | and Il, and release were significantly improved at the final time-
point as compared to the first time-point ( p < .05).

Recovery of skilled reaching performance was also expressed by the change in the patientse
and ratse skilled reaching overall sum score, which significantly improved between the first
time-point, and all subsequent time-points ( p < .05).

Relationship between skilled reaching and clinical outcome measures in stroke patients
Figure 2.4 shows the time-course of normalized skilled reaching, FM-UE and ARAT sum
scores for the stroke patients. For all three measures, the scores at the 6, 9, and 11...15
weeks were significantly improved in comparison to the scores at 2...3 weeks post-stroke
(skilled reaching: A= 11.53, SE= 2.18, p = .000: ARAT: A= 14.82, SE= 3.09, p = .000;
and FM-UE: A=11.88, SE=2.11, p =.000) (FM-UA assessment was not performed at 4...5
weeks post-stroke, so we left out this time-point for comparisons). The normalized skilled
reaching and FM-UE sum scores were highly similar at the individual time-points ( A= 1.75,
SE=6.12, p =.775), which was further emphasized by similar temporal recovery patterns
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Figure 2.3: Movement (sub)element scores for patients (A) and rats (B) at different time-points after
stroke.

Each bar represents the mean + SD; Non-colored elements, displayed as black-white blocked bars,
are rat-specific elements; 0: movement is present/normal, 0.5: movement is present but incomplete,
1: no movement; *Significant difference (p < .05).
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Figure 2.4: Relative sum scores (normalized to the maximum score of that particular test) from skilled
reaching (SR), ARAT and FM-UE assessments of stroke patients over time.

Skilled reaching scores were reversed (i.e. higher scores representing better performance) for
comparison with the FM-UE and ARAT scores. Error bars represent standard error of the mean.

(A=.10, SE=3.27, p =.975). The normalized skilled reaching and ARAT sum scores differed
significantly across separate time-points post-stroke (A= -19.11, SE = 6.13, p = .002).
However, the temporal patterns of the normalized skilled reaching and ARAT sum scores
were not significantly different ( A= 2.46, SE= 3.31, p = .459).

Table 2.3 shows that skilled reaching, ARAT and FM-UE sum scores were strongly correlated
at all included time-points post-stroke ( p < .05).

Table 2.3: Pearsones correlations between patientse skilled reaching, ARAT and FM-UE sum scores at
different time-points after stroke

Skilled reaching

2...3 weeks 6 weeks 9 weeks 11...15 weeks
ARAT .647* .888* .871* .963*
FM-UE 717+ 917+ 911* .966*

* p <.05. Abbreviations: ARAT: Action Research Arm Test; FM-UE: Fugl-Meyer Upper Extremity.
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Discussion

Skilled reaching has been proposed as one of the most potent translational behavioral
tests for studying post-stroke recovery in rodents. ® Gradual improvement in skilled reaching
performance after stroke has been previously reported for both humans 2 and rodents.?¢ In
the present study we compared skilled reaching characteristics between rats and humans
recovering from stroke, and we assessed the relation between skilled reaching performance
and clinical outcome measures. Our study shows that skilled reaching performance follows
a very comparable temporal pattern in humans and rodents during the subacute stages
after stroke. Functional impairment was characterized by muscle flaccidity at the first
measurement post-stroke, prohibiting lift and advance movements. Subsequently, skilled
reaching performance improved, but with a delay in motor recovery for distal muscles in
the lower arm and hand (i.e. pronation, grasp and release). Patientse skilled reaching scores
showed strong correlations with clinical outcome measures (ARAT and FM-UE) at different
time-points during the first three months post-stroke. The normalized skilled reaching overall
sum scores matched with the normalized FM-UE sum scores, but were higher than the sum
scores of an arm-specific measure of activity limitation (ARAT).

Similarities and differences in post-stroke recovery of skilled reaching performance
between humans and rats

It is known that the time-course of stroke recovery in rodent models is more rapid than in
human patients.?”-**Therefore, we chose to compare the first three months post-stroke in
human stroke patients to the first 3-4 weeks post-stroke in rats, which is the typical period
for reaching a plateau stage of motor recovery in these species, respectively. 1°

Success rate is the most commonly used outcome parameter to quantify functional deficits
from a skilled reaching test. In rodent studies, success rates are typically calculated as the
number of successful reaches divided by the number of trials, multiplied by 100%. ? In
the current study, we also applied an adapted success percentage score, defined as the
number of rats that could completely execute at least one successful reach, divided by the
total number of rats, and multiplied by 100%, which was identical to the scoring system
for the stroke patients. Success percentages for both humans and rats showed post-stroke
impairment in skilled reaching. The scores for human patients reflected more severe initial
deficits, but a larger degree of subsequent recovery, as compared to the post-stroke rats.
This may be explained by differences in stroke severity and phase between the stroke
patients and our rat stroke model, as further outlined below. In addition, humans had to
grasp a smaller food item relative to hand size in comparison to rats, which may have made
the task more challenging. While rats apply similar grasp patterns (whole paw grasp) for
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small and large food items, humans use pincer grasp for small items and precision grasp
for larger items. *2 Of note, variation in baseline skilled reaching abilities, which for example
has been observed between different rat strains, may also contribute to differences in
recovery patterns.*®

Previous studies in rat models of stroke have shown that skilled reaching success rates may
not expose remaining motor deficits, 263%-3which may be better assessed by analysis of
the skilled reaching movement elements. The movements that articulate skilled reaching
displayed similar recovery patterns between humans and rats. This finding emphasizes the
translational value of skilled reaching testing for preclinical and clinical research on stroke
recovery. At the early sub-acute stage post-stroke, muscle flaccidity could be observed in
both species, which contributes to complications in the voluntary execution of movement
elements, such as lift and advance. Body-postural compensation, with stronger reliance
on proximal muscles, was observed, and related functions, e.qg. lift, were less affected or
showed rapid recovery. In human stroke patients, functional recovery of the distal muscles
in the lower arm, responsible for pronation, grasp and release, showed no (release B) or
delayed improvement (pronation C and grasp B) in the late subacute phase post-stroke.
Correspondingly, in rats proximal movement elements (i.e. limb lift, digits semi-flex, and
aim) were less affected at the first sub-acute measurement, while distal movement elements
(i.e. supination, release) and particularly digit motor control (i.e. digits open) still improved
towards late sub-acute stages. These findings are in line with results from other studies that
described recovery of proximal joint movements preceding recovery of distal movements,
suggesting differences in neural substrates for paretic upper limb recovery. 22343 In our
study, the relative infarct size in rats was within the range of relative infarct sizes in stroke
patients. Hemispheric infarct volume was about 3% in rats and ranged between 0.1 and
26% in humans. However, in contrast to the variety in lesion location in patients, the stroke
lesion in rats was confined to the sensorimotor cortex, leaving large part of the sensorimotor
system intact. This may have facilitated the progression of recovery. Nevertheless, several
movement elements (e.g., partial rotation) remained impaired at the final measurement
post-stroke, consistent with an earlier study in the same rodent stroke model. 26 This contrasts
with other commonly used behavioral measures of sensorimotor function (e.g. fore- or
hindlimb placing ability) that often show complete recovery within 2...4 weeks after stroke,
which emphasizes the sensitivity of the skilled reaching test.%

The human stroke patients in our study, who had varying infarct locations, also showed
significant persistence of upper limb impairment in the first three months post-stroke, which
is in accordance with previous studies.®”® The persistence of impairment in human and
rat skilled reaching movements suggests that some recovery could have been achieved
through use of compensatory strategies.

37



Chapter 2

Relation between skilled reaching performance and clinical outcome measures

Our study showed strong positive correlations between the normalized sum scores of skilled
reaching and clinical outcome measures from the ARAT and FM-UE assessment at each of
the time-points during the first three months post-stroke. The three tests share measurement
of reach and lift components, and a lower level of impairment on these elements will be
reflected in better (functional) performance across a broad range of movements. 4% In
addition, the design of the motor section of the FM-UE assessment is based on synergies,
i.e. systematic coupling across different joints or a fixed pattern of coactivation of muscles,
of which disruptions result in reaching deficits. %4 Importantly, because there are no
equivalents of the ARAT or FM-UE assessment for rodents, the correlation between skilled
reaching performance and these clinical outcome measures highlight the significance of
skilled reaching assessment in the alignment of preclinical and clinical stroke research.

Consistent with previous research, skilled reaching scores and clinical outcome scores
improved significantly over the three-month period post-stroke. ! The largestimprovements
were seen in the first 5...6 weeks post-stroke. In general, spontaneous neurological recovery
progresses fastest in the first months post-stroke, after which recovery levels off and reaches
a plateau after 3 to 6 months. “>4® Interestingly, the ARAT total scores were significantly
different from the skilled reaching total scores. The ARAT, which assesses activity limitation,
presented lower normalized baseline scores compared to the skilled reaching and FM-UE
tests. Features of the measures, such as the representation of specific parts of the upper limb
within the individual measures, may underlie the differences in scores. In the ARAT 16% of
the total score is obtained from assessment of gross arm movements (i.e. placement of hand
behind head, on top of head, and to the mouth), while the majority of the score is based
on movements that require some form of (finer) hand and digit motor control. Fine motor
control involves motor coordination, speed of movement, and force scaling. ** In contrast,
in skilled reaching testing the first relatively gross movement elements (orient, lift, advance,
and pronation) make up 57% of the total score, whereas grasp, which requires fine hand
and digit motor control, constitute 43% of the total score. 45 Our findings demonstrate that
motor recovery follows a proximal-distal principle, which is in agreement with Twitchell and
Brunnstromss concept of sequential return of motor function in the hemiplegic stroke patient,
where hand and digit motor control recover at later stages. 2 The underrepresentation of
distal fine motor function may explain the higher scores on the FM-UE and skilled reaching
tests as compared to the ARAT scores in the sub-acute period post-stroke.

One of the strengths of the skilled reaching task is its ability to allow for distinction between
compensation and recovery.® This is in contrast with the ARAT, which is a performance-
based measure focused on task accomplishment, with little regard for how the task is
accomplished. The ARAT therefore precludes distinguishment between true motor recovery
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and compensatory movement strategies.® The FM-UE assessment is largely immune to
compensation, and can be valuable for monitoring true recovery of motor functions.
However, the FM-UE test is infrequently used today in clinical practice, as it is a time-
consuming measure to administer. *°

In the past 40 years, clinical priority shifted away from impairment-oriented training towards
training of activities of daily living with functional tasks, since relearning normal patterns of
movement did not inevitably generalize to activities of daily living. 6 Our current findings
suggest that restoration of motor function is still feasible up to at least 3 months post-stroke.
This implies that impairment-oriented training could still be relevant in motor rehabilitation,
and underscores the significance of incorporating measures at the impairment level to
distinguish between true motor recovery and compensation after stroke in (pre)clinical
research and in clinical practice.

Limitations

Although our study enabled direct translation of post-stroke skilled reaching performance
assessments between rats and humans after stroke, there were some limitations. First, we
could not consider the impact of handedness on outcome measures, since only two patients
had an affected dominant upper limb. While rats were trained to use their dominant/
preferred forelimb to reach for the target, humans were instructed to use their affected
limb, which was not always the dominant one. Second, we did not assess other factors,
such as vision, olfaction, fatigue or self-efficacy, which may have contributed to reach-to-eat
performance in rats and patients. Third, no kinematic assessment was performed, which
could have improved the sensitivity to capture subtle movement qualities and compensatory
motions.#” Fourth, patients and rats in our study were subjects in ongoing clinical and
preclinical trials, respectively, in which the effect of rTMS on motor recovery is investigated.
The intervention may have impacted the recovery profiles.

Conclusions

This study shows that skilled reaching performance improves significantly over time in
humans and rats recovering from stroke. Both species showed muscle flaccidity in the early
sub-acute phase, early recovery of proximal movements, and a delayed motor recovery
of distal muscles in the lower arm/forelimb. The recovery of skilled reaching performance
in human stroke patients strongly resembled the recovery patterns of commonly used
clinical outcome measures from the ARAT and FM-UE assessment, which underlines the
translational significance of the skilled reaching task in preclinical research. Furthermore,
skilled reaching assessment can serve as a complementary tool to distinguish between
recovery and compensation in clinical care.
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Appendix 2.1

Housing (rats)

Rats were housed per 2 or 3 in standard cages (30 x 40 x 20 cn?), during the skilled pellet
reaching training phase, up until day 2 after stroke (see Figure S2.1). The standard cages
were equipped with bedding material, cage enrichment (orange rectangular Perplex tube)
and nesting material such as tissue paper.

Three days after stroke induction, the animals were moved to an enriched environment
cage that was larger (70 x 60 x 50 cm®), contained multiple replaceable toys, platforms
and ladders (changed twice per week), and housed 4...5 rats. This enriched environment
represented a clinical rehabilitation setting.

Skilled pellet reaching (rats)

Food restriction

Once the animals (6 weeks old) arrived at the animal facility, they were allowed to acclimatize
to their new environment for five days under normal housing conditions and with ad libitum
access to food and water (see timeline in Figure S2.1). Following acclimatization, animals
were weighed and placed on food restriction to maintain 90...95% of their initial body weight.
The animals, housed in pairs, received 26...30 grams of chow per day and they received
water ad libitum. The food restriction functioned as a motivator for the animals to learn
and to participate in the skilled pellet reaching task.

During the first week of food restriction, the animals also received a few sugar pellets (45 mg
sucrose, unflavored; Dustless Precision Pellets, Bio-Serv&) with their chow to get accustomed
to their taste. Following this first week, the animals started with the pre-training phase. The
body weights of the animals were closely monitored throughout the entire experiment.

Pre-training

During pre-training, the goal was to stimulate the grasping of sugar pellets through the slot
and to determine the dominant/preferred forelimb of each animal. The rats were placed
in a Plexiglas box with multiple vertical slots in the front panel of the box (Figure S2.2). A
plastic cup, filled with sugar pellets to the brim, was placed in front of the vertical slots.
The animals were allowed to grasp as many sugar pellets as they could within a 30 minute
period. During this period, the grasping behavior of the animals was observed in order to
determine whether they had a preferred grasping-paw. After three consecutive days of pre-
training a preferred forelimb could be identified and this was regarded as the dominant paw.
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Figure S2.2: Skilled pellet reaching pre-training box.
This Plexiglas training box allows for the simultaneous training of multiple animals at the same time.

Training

Following the pre-training step, each individual rat was trained to perform the skilled
pellet reaching task in one of two custom-built, clear, Plexiglas boxes (Figure S2.3). Both
training boxes allowed the same training (no difference in training effect was observed
between the two boxes (data not shown)), however one box was specifically designed for
unobstructed high-speed recording of the grasping movement from the lateral aspect of
the box (Figure S2.3A). In each of the training boxes, there were one or two vertical slots
in the front panel of the box. At the bottom of each vertical slot, there was a shelf with an
indentation that allowed pellet placement slightly off-center to the opening of the slot. The
off-center positioning of the pellet was necessary to force the rats to use their sdominante
forelimb to grasp the sugar pellet. The slot ipsilateral to the side of the preferred paw
was used to train the animal (Figure S2.3A; n = 5). In the other skilled pellet reaching box
(Figure S2.3B; n = 12), the sugar pellet was positioned on the indent contralateral to the
preferred paw to train the animal.

Skilled pellet reaching training was performed for a maximum period of 15 minutes per
day, Monday through Friday, for 2.5 weeks in one of the respective training boxes.. The
animals were trained to approach the shelf at the front of the box, reach for a pellet, and
then turn around to walk to the rear of the box. If the rat succeeded to grasp the pellet
from the shelf, it was considered a successful trial. Before a new trial could start, the animal
first had to walk to the rear end of the box again before a new pellet could be obtained. If
the rat knocked the pellet off of its original position, the pellet was removed from the shelf
and it was regarded as a failed attempt.
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A) B)

Figure S2.3: Skilled pellet reaching boxes.

(A) Training box with two vertical slots of 1 cm wide, which extended 3 cm above the floor, located at
the left and right end of the front side. At the bottom of the slots, there was a 3 cm wide shelf with an

indentation that allowed pellet placement slightly lateral to the opening of the slot. To make sure the

rat approached the correct slot, the other slot was blocked with a metal object.

(B) Training box with a single vertical slot of 1 cm wide in the center of the front side, which extended 3
cm above the floor. At the bottom of the vertical slot there was a 4.5 cm wide shelf with two indentations

that allowed for the placement and grasping of a sugar pellet from the indent contralateral to the

preferred paw.

Data acquisition

On the behavioral testing days the skilled pellet reaching task was recorded from the frontal
plane using a Panasonic HC V520 camera (50 fps). These recordings were used to for the
guantitative and qualitative pellet reaching analyses. During the testing sessions light was
provided from two light sources in the direction that was filmed.

Photothrombotic stroke induction (rats)

A photothrombotic stroke was induced in the hemisphere contralateral to the preferred
forelimb. +? Pre-operatively, all rats received 5 mg/kg carprofen subcutaneously to minimize
pain during and after surgery. Rats were anesthetized with isoflurane (5% induction, 2%
maintenance in air/O , (4/1)), intubated for mechanical ventilation, and placed in a stereotaxic
frame. A feedback-controlled heating pad ensured that the body temperature of the animals
was maintained at 37.0 + 1.0 °C. After shaving of the head, the skull was disinfected with
70% alcohol and a midline incision was made along the scalp. Xylocaine (Lidocaine spray
100 mg/ml, AstraZeneca B.V. Louis, Zoetermeer) was applied in the incision for local
analgesia. Using a scalpel, the periosteum was scraped away and the skull was dried with
sterile cotton swabs. The coordinates of bregma were determined using a stereotact and
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the sensorimotor cortex was identified as a rectangular section 1.5 to 4.5 mm lateral to
bregma, and 4.0 to -4.0 mm anterior-posterior to bregma. Black tape was used to mask the
skull outside of the region of interest. Next, Rose Bengal (25 mg/ml, Sigma Aldrich/Merck,
The Netherlands), a photosensitive dye, was injected intravenously via the vena saphena,
and the brain was illuminated through the skull for 20 minutes, using a cold light source
with a green fluorescent filter (Schott KL 1500 LCD, Germany). Following illumination, the
scalp was sutured and the animal was placed in a heated cage to recover.

Repetitive transcranial magnetic stimulation (rats)

From days six to sixteen post-stroke, the rats received repetitive transcranial magnetic
stimulation (rTMS) treatment. This excluded weekend days, resulting in a total of nine
treatment days. The stimulation protocols were executed with a 25-mm figure-of-eight
TMS coil,® while animals were anesthetized with isoflurane (1.5%). Prior to the start of rTMS
treatment, the resting motor threshold was determined for each rat. This was done by
stimulating the forelimb region of the brain with single TMS pulses, while simultaneously
recording muscle activity of the musculus brachialis with electromyography (based on
the protocol described in Boonzaier et al. ). During stimulation, both the TMS coil and
the animals were fixed in a stereotaxic frame to allow for accurate coil placement and
stimulation. The animals either received high-frequency (5 Hz), low-frequency (1 Hz) or sham
stimulation. Repetitive TMS treatment was given at 85% of the rates resting motor threshold
for the high- and low-frequency treatment groups, whereas stimulation for the sham group
was applied at 10% of the resting motor threshold intensity. Each rTMS treatment session
lasted for 20 minutes.

MRI

Patients

MRI scans were acquired at the University Medical Center Utrecht using a Philips 3T Achieva
scanner. 3D T1-weighted anatomical MRI scans for lesion delineation were acquired at 5...6
weeks (n = 7), 3 months (n = 1), 6 months (n = 1) and/or 12 months (n = 2) after stroke.
Anatomical MRI paramters were: repetition time (TR) = 8.13 ms, echo time (TE) = 3.7 ms,
flip angle = 8, field-of-view (FOV) = 512 x 512, spatial resolution: 0.47 x 0.47 x 1.0 mm 3
(total scan time = 2.5 min). The images were resized to an isotropic voxel size of 1 mm?
before manual delineation of the lesions. SPM12 was used to inverse normalize a cerebral
mask in MNI space to individual patient space in order to calculate individual cerebral
hemispheric volumes.
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Rats

MRI was executed on a 9.4 T preclinical MR system (Varian Inc., Palo Alto, CA, USA) while
animals were mechanically ventilated with 1.5% isoflurane in air/O , (4:1). Anatomical images
were acquired with a balanced steady-state free precession sequence (250 um isotropic
spatial resolution, TR =5 ms, TE = 2.5 ms, flip angle = 20°, FOV = 40 x 32 x 24 mm 2, matrix
=160 x 128 x 96, 3 averages and pulse angle shifts of 0°, 90°, 180° and 270°, total scan
time = 12 min). The stroke infarction volume was calculated from manual segmentations

of lesioned tissue.
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Appendix 2.2

Table S2.1: Movement element rating scale for humans, from Klein et al. *

Human movement elements

Element Sub-element Description
1. Orient A. Head Head is moving freely then fixes on target at
beginning of trial
B. Eye Eyes locate target prior to movement of head/
reach
2. Lift A. Flex elbow Initial hand lift is due to flexion of the elbow
B. Digits semi-flex Digits semi-flex
C. Wrist supination Wrist supinates approximately 30°
D. Digits to midline Tips of digits are brought toward the midline of
the body
3. Advance A. Limb advance Hand takes shortest path to target
B. Hand ends at target Hand stops directly above target

C. Trunk

Trunk leans to the side opposite reach as hand
approaches the target

4. Pronation

A. Digits open/extend

Digits open and extend over the food target

B. Full hand turn Knuckle on reaching hand forms horizontal line
C. Elbow extend Elbow opens to full arm length as subject
reaches
5. Grasp A. Pincet grasp Thumb and index finger grasp food item
B. Digits 3...5independent Digits 3...5 remain still as grasp is executed
C. Wrist extension Wrist extends to lift food item from platform
6. Supination A. Supination | Reaching hand supinates 45° immediately after

B. Supination Il
A. Hand contacts mouth

B. Digits open
C. Handon lap

D. Trunk

vertical lift

Hand supinates another 45° when in close
proximity to mouth

Fingertips contact lips for placement of food
item in mouth

Digits open to release food item into mouth

Hand is placed on lap with fingers extended and
palm down

Trunk leans back toward midline
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Table S2.2: Movement element rating scale for rodents, from Moon et al. 2

Element Description

Limb lift The head and the snout are oriented towards the target so that that rat
sniffs the target

Digits semi flexed The forepaw is lifted from the floor until the digits are aligned with the
midline of the body

Aim The elbow is adducted to the body midline with a movement of the
upper arm while the digits remain positioned on the body midline.

Advance The forelimb moves forward through the slot

Digits open The digits are extended as the limb is advanced and then are opened as
the paw is pronated over the food

Pronation The elbow abducts with a movement of the upper arm pronating the paw
over the target in an arpeggio movement

Grasp The arm remains still, while the digits close to grasp the food and then
the paw is extended and raised

Supination | The paw is supinated so that the palm faces the mouth

Supination Il The paw is supinated so that the palm faces the mouth

Release The food pellet is released into the mouth by opening the digits
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Appendix 2.3

Photothrombotic stroke lesion
Multislice MR images of post-stroke rat brain displayed a focal unilateral lesion in the
sensorimotor cortex (Figure S2.4).

posterior < »  anterior

Figure S2.4: MRI of stroke lesion.

Anatomical MR images of consecutive coronal rat brain slices at 17 days after photothrombotic stroke,
revealing a unilateral lesion in the sensorimotor cortex. MRI data showed no signs of damage to the
subcortical striatum. Signal changes were occasionally observed in white matter underlying the lesion,
which may be attributed to microhemorrhages.

Skilled reaching
Skilled reaching success rate, expressed as the percentage of successfully obtained pellets
out of 2...20 reaching trials, dropped from 38 + 17% before stroke to 17 + 16% at 3 days

after stroke in rats (Figure S2.5). Partial recovery to 23 £ 20% was observed after 23 days.
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Figure S2.5: Pellet reaching success rate at different time-points before and after stroke in rats.
Data are presented as means * standard deviation.
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Chapter 3

Abstract

Background: Recovery of the paretic arm post-stroke can be measured by observational
and self-reported measures. This study aims to determine whether correspondence (match)
or non-correspondence (mismatch) between observational and self-reported improvements
of upper limb capacity is significantly different 0...3 compared to 3...6 months post-stroke.

Methods: A total of 159 patients with ischemic stroke with upper limb paresis were included

in the study. Recovery of arm capacity was measured with observational (Action Research
Arm Test; ARAT) and self-reported measures (Motor Activity Log Quality of Movement;
MAL-QOM and Stroke Impact Scale Hand; SIS-Hand) at 0...3 and 3...6 months post-stroke.
Proportion matches was defined (contingency tables and Fisheres exact test) and compared
across the different time-windows using McNemarss test.

Results: The proportion matches was not significantly different at 0...3 months compared
with 3...6 months post-stroke for the ARAT versus MAL-QOM and SIS-Hand (alp > .05). In
case of mismatches, patientse self-reports were more often pessimistic (86%) in the first 3
months post-stroke with the subsequent 3 months (39%).

Conclusions: The match between observational and self-reported measures of upper
limb capacity is not dependent on timing of assessment post-stroke. Assessment of both
observational and self-reported measures may help to recognize possible over- or under-
estimation of improvement in upper limb capacity post-stroke.

Lay abstract

One of the most common motor disturbances after stroke is a paretic arm, which may be of
little functional use in activities of daily living. Recovery of the paretic arm can be measured
by a clinician (observational) or by the patients (patient-reported). It might be expected that
observational and patient-reported measures will be strongly related to each other. The
aim of this study was to determine whether the correspondence (matches) between those
measures is different at 0...3 months post-stroke compared with 3...6 months post-stroke.
The results showed that the time-frame post-stroke (0...3 or 3...6 months) did not seem to
influence the correspondence between the observational and self-reported measures:
there were more matches than mismatches found. Self-reported measures can be used in
addition to the observational measures to assess arm recovery. Information on the ability
and use of the affected arm outside the treatment setting is valuable for the clinicians, as

it provides more insight into the patientse perspective.
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Introduction

Upper limb paresis is common after stroke and reduces a patientss independence, performance
of activities of daily living (ADL) and self-reported quality of life. ! Different instruments can be
used to assess the upper limb after stroke, based on the levels of function, activity (capacity
and performance) and participation (World Health Organizationes International Classification
of Functioning, Disability and Health (WHO-ICF)).2 Upper limb function and capacity can
be scored by a clinician using standardized validated measurements. However, a number
of these measurements have floor and ceiling effects. In addition, self-perceived difficulties
with arm use are not reflected by these clinical performance tests. ® Self-reported upper
limb outcome measures, however, require subjective assessment of arm functioning at the
activity and participation level, as perceived by patients themselves. 24

Recently, self-reported outcome measures (i.e. patient reported outcome measures (PROMs))
have received increasing attention in mapping a patientse perceived recovery in medical
practice.®* PROMs can provide valuable insights into a patientss status outside the treatment
setting, and can detect change in a patientss perceived health status. ¢--®However, the use
of PROMS for stroke patients may suffer from confounding factors, such as neglect, self-
awareness, mood, fatigue, social support, relationships, and encouragement from others,
which may influence patientse expectations and might lead to under- or over-estimations
in self-reported assessments?-13

Moderate correlations have been shown between capacity measures and self-reported
measures*!* To date, only a few cross-sectional studies have investigated the correspondence
(match) and non-correspondence (mismatch) between outcomes on observational and self-
reported upper limb measures. 101216--18Ag the time course of upper limb recovery is non-linear
and driven by poorly understood processes of neural recovery and compensation strategies,
outcomes between observational and self-reported measures may deviate, depending on
the timing of assessment post-stroke.

Therefore, main aims of the present study were: 1) to determine whether the proportion
matches between observational and self-reported improvements on upper limb capacity
differs between the early (0...3 months) and late subacute stages 3...6 months); and 2)
to identify whether the self-reported improvements may under- or over-estimate the
observationally measured improvements of upper limb capacity at these stages.

For the first aim, we hypothesized that there would be a higher proportion of matches

at 3...6 months post-stroke than at 0...3 months post-stroke, because patients gradually
learn to deal better with and gain more experience of real-world limitations, with a better
understanding of their own capabilities. **-?'For the second aim, it was hypothesized that

55



Chapter 3

more patients would overestimate (soptimistice) than underestimate (spessimistice) their
self-reported capacity at 0...3 months post-stroke than at 3...6 months post-stroke, because
spontaneous neurological and functional recovery occurs within the first three months post-
stroke. This can result in more subjectively experienced improvement than observationally
measured improvement. 222

Methods

Data for this study were collected during the EXPLICIT (EXplaining PLastICITy) Stroke triaP*
The EXPLICIT Stroke trial was a multicentre, observer-blinded randomized controlled trial
to investigate the effects of modified constraint-induced movement therapy (mCIMT) and
electromyography-triggered neuromuscular stimulation (EMG-NMS) on upper limb capacity.
Eligible patients were screened and included in the first week post-stroke. The included
patients had an upper limb paresis and were stratified into a poor (EMG-NMS) and favourable
prognosis group (mCIMT) for upper limb recovery. Full details about randomisation,
treatment, and study design can be found elsewhere. * The baseline assessments were
performed within 2 weeks post-stroke. The data used in this study were taken from baseline,
12 and 26 weeks after stroke onset.

The EXPLICIT Stroke triad* was approved by the Medical Ethical Reviewing Committees of
the Leiden University Medical Centre (main reviewing committee: Dutch Central Committee

on Research Involving Human Subjects, CCMO, protocol number NL21396.058.08), the
VU Medical Centre Amsterdam, the Radboud University Medical Centre Nijmegen, and

the University Medical Centre Utrecht in the Netherlands. This trial is registered in the
Netherlands Trial Register (NTR, http://www.trialregister.nl, NL1366).

Participants

All included patients met the following criteria: 1) first-ever, ischemic stroke in one of the
cerebral hemispheres; 2) upper limb paresis according to National Institutes of Health
Stroke Scale (NIHSS) item 5; 3) baseline ARAT score of 53 on a maximum of 57 points;
4) ability to communicate and comprehend (mini mental state examination 23 points
on a maximum of 30 points); 5) ability to sit independently for at least 30 seconds; 6)
18...80 years of age; 7) no successful thrombolysis therapy resulting in upper limb motor
recovery and attaining O points on NIHSS item 5 of the paretic arm; 8) no musculoskeletal
impairments of the upper paretic limb; 9) no additional therapies such as botulinum toxin
injections or medication intake that may influence upper limb function in the previous 3
months; 10) willing to participate in an intensive rehabilitation treatment program; and 11)
written informed consent.
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Observational clinical testing

The current study used the ARAT as observational measure of upper limb capacity.?®
Observational measures require an independent assessor trained to measure a patientss skills
to perform the tasks in the test. The ARAT assesses the ability to perform gross movements
and the ability to grasp, move and release objects differing in size, weight and shape (WHO-
ICF, Activity level).2 The items are rated on 4-point scales (0...3), with a maximum score of 57
(best performance).?® The ARAT is a reliable, valid and responsive test® in patients with stroke
with mild to moderate motor severity and in the absence of severe cognitive impairment.
The Minimal Clinically Important Difference (MCID) was set at 6 points, based on clinical
experience and estimates, which is about 10% of the maximum score.?’

Self-reported testing
Dutch versions of the MAL-QOM and SIS-Hand were used to describe the motor
performance from the viewpoint of the patient (WHO-ICF, Activity level).

A Dutch version of the 14-item MAL was used to assess how well (Quality of Movement;
QOM scale) the paretic arm was used spontaneously during 14 activities of daily living
outside the laboratory. The patient is asked to indicate how well he/she used his/her affected
arm during certain activities in the past week (e.g. pick up a glass, comb your hair, button a
shirt). A 6-point ordinal scale (range 0...5) was used, in which half ratings can also be given.
A higher score indicates better performance: maximum score: 5 (transformed scale: overall
score (0...70) divided by 14, resulting in a 0...5 scale)). This 6-point scale contains scoring
from *The weaker arm was not used at all for that activity (never)s, to *The weaker arm was
used for the purpose indicated but movements were slow or were made with only some
effort (fair), to «The ability to use the weaker arm for that activity was as good as before
the stroke (normal)e. Reliability and validity of the MAL has been shown.* A MCID of 0.5
points was used, based on clinical experience and estimates, which reflects 10% of the

maximum score.**

Version 3.0 of the SIS is a stroke-specific, self-report, health status measure containing
eight domains related to hand function, strength, activities of daily living, communication,
emotion, memory and thinking. The SIS is a valid and reliable measure for a diverse group
of stroke survivors.?® The Hand domain of the SIS consists of five questions and each item
is scored on a 5-point Likert scale (transformed from 5...25 to a scale from 0...100). In the
questions patients must rate how difficult it was to use their affected hand in a range of
activities in the past two weeks (e.g. turn a doorknob, tie a shoelace). Higher scores indicate

a low(er) impact of hand problems on health and life. A MCID of 10 points was used, based
on clinical experience and estimates, i.e. 10% of the maximum score.?®

57



Chapter 3

Data analysis

To calculate change scores for the time-window 0...3 months post-stroke, the baseline scores
from the ARAT, MAL-QOM and SIS-Hand were subtracted from the follow-up scores at 3
months. Some of the patients had a baseline score less than a MCID short of the maximum
score on one of the outcome measures. Therefore, reaching the maximum score at the
follow-up measurement 3 months post-stroke was considered a clinically meaningful change.
Change scores for the time-window 3...6 months post-stroke were computed by subtracting
the follow-up scores measured at 3 months post-stroke from the follow-up scores 6 months
post-stroke. Changes were marked as successful when maximum scores were reached at
follow-up, or when changes were beyond the known MCID (10% of the maximum score).
Change scores smaller than the MCID were marked as unsuccessful. Subsequently, patients
with a successful change (improvement) on the ARAT as well on a self-reported measure
(MAL-QOM and SIS-Hand), and patients with unsuccessful changes (no improvement) on
the ARAT and on a self-reported measure (MAL-QOM and SIS-Hand) were grouped as
matchers (i.e. true positives and true negatives). Patients with a successful change on the
ARAT, but not on a self-reported measure (MAL-QOM and SIS-Hand), and vice versa, were
grouped as mismatchers.

Fisherss exact test was used to examine the significance of the association between
matches and mismatches (i.e. overall fraction correct). The tested null hypothesis was that
a successful and unsuccessful change on the ARAT is equally likely to have a successful
change on the MAL-QOM or SIS-Hand. The percentage of false negatives reflects the
degree of underestimation, i.e. observed change on the ARAT, without reported change
on the MAL-QOM or SIS-Hand.) The percentage of false positives reflects the degree of
overestimations, i.e. reported change on the MAL-QOM or SIS-Hand, without observed
change on the ARAT. The percentages false positives and false negatives were deduced from
the contingency tables. In addition, using the two-way contingency tables, the sensitivity,
specificity, positive and negative predicted values (i.e. the probability that an event is
present/not present, when the event is present/not present), and, overall fraction correct
(i.e. the probability that an event is correctly classified) were also calculated.

Finally, McNemarss test was used to compare the proportions of matches to mismatches
between 0...3 and 3...6 months post-stroke, and the association between the ARAT versus
MAL-QOM and SIS-Hand. Only those patients were included from whom data were collected

at all time-points. The statistical software SPSS 25.0 (SPSS, Chicago, IL, USA) was used for
statistical analysis. The level of statistical significance was set two-tailed atp < .05.
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Results

Patient characteristics

For the EXPLICIT Stroke trial 159 patients were selected (for flow diagram see Appendix

3.1).2 There were no reports of adverse effects from the trial. Table 3.1 shows the main

characteristics of the included patients at baseline, and average scores on the used outcome

measures for different time points post-stroke. Missing data-points from patients on one of

the time-points resulted in lower number of total patients in the analyses.

Table 3.1: Patient characteristics measured at baseline

Characteristics
Female/Male, n 63/96
Age, years mean (SD) 60.0 (12.3)
Affected hemisphere, right/left, n 105/54
Affected dominant side, n 54
Handedness, R/L 139/17
Time between stroke onset and baseline assessment 8.3(4.1)
(days, mean (SD))
Level of education (low/high), n 113/28
Partner (yes/no), n 111/48
Mood (below/above normative score), n 89/45
Dexterity (minimal/some), n 118/41
Ml (0...100), mean (SD) 30.3 (30.0)
FMA (0...66), mean (SD) 18.6 (18.9)
Baseline 3 months 6 months
ARAT (0...57), mean (SD) 8.6 (13.4) 24.6 (22.3) 27.6(23.1)
SIS-Hand (0...100), mean (SD) 5.9 (2.8) 36.2(40.1) 42.8 (42.3)
MAL-QOM (0...5), mean (SD) 0.3 (0.6) 1.4 (1.5) 1.6 (1.6)

MI: Motricity Index; ARAT: Action Research Arm Test; FMA: Fugl-Meyer assessment of the arm; SIS-
Hand, Stroke Impact Scale Hand; MAL-QOM, Motor Activity Log-Quality of Movement; SD: standard

deviation; n: total number of patients.

Proportion of matches between observational and self-reported measures in the “ rst

six months post-stroke

For the time-window 0...3 months post-stroke, 88% of the patients showed matches on the
ARAT versus MAL-QOM, and 89% on the ARAT versus SIS-Hand (Table 3.2). A successful
and unsuccessful change on the ARAT is not equally likely to have a successful change on

the MAL-QOM and SIS-Hand (p < 0.05). The sensitivity, specificity, positive- and negative

predicted value were comparable for the MAL-QOM and SIS-Hand in comparison to the

ARAT. In the time-period 3...6 months post-stroke, a successful and unsuccessful change
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on the ARAT was not equally likely to match a successful change on the MAL-QOM and

SIS-Hand p < 0.05) (Table 3.3). 83% of the patients had a match on the ARAT versus MAL-
QOM score, and 81% had a match on the ARAT versus SIS-Hand. The sensitivity, specificity,
positive- and negative predicted values were all slightly lower for the ARAT versus SIS-Hand

than the ARAT versus MAL-QOM.

False negatives, i.e. underestimations, were measured in 15 out of 18 patients (83%)
with mismatches for the ARAT versus MAL-QOM in the time-window 0...3 months post-
stroke (Table 3.2, Figure 3.1). Three patients (2%) could be classified as false positives,
i.e. overestimations. For the ARAT versus SIS-Hand, underestimations were measured in
10 out of 11 patients (91%). One patient (1%) could be classified as a false positive (Table
3.2, Figure 3.2). False-positives, i.e. overestimations, were more common (14 out of 24
patients: 58%) in the mismatch proportion in the time-window 3...6 months post-stroke for
the ARAT vs MAL-QOM (Table 3.3, Figure 3.1). For the ARAT vs SIS-Hand, false-positives
were measured in 14 out of 22 patients (64%) (Table 3.3, Figure 3.2).

Within the first three months and beyond the first three months post-stroke, the accuracy
(overall fraction correct) was comparable for the MAL-QOM and SIS-Hand in relation to
the ARAT (Table 3.2 and 3.3).
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Figure 3.1: Proportion of matches to mismatches between ARAT and MAL-QOM.

Comparison between 0...3 and 3...6 months post-stroke in proportion matches to mis-
matches

For the ARAT and MAL-QOM, 3...6 months, the number of matches had decreased from
126 (87.5%) to 121 (84%), which was a non-significant difference p = .487) (Figure 3.1).
For the ARAT and SIS-Hand, the proportion of matches decreased from a 0...3 months post-
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Figure 3.2: Proportion of matches to mismatches between ARAT and SIS-Hand.

stroke percentage of 88% to 81% 3...6 months, which was a non-significant difference p =
.210) (Figure 3.2). This change was a consequence of seven matches within three months
post-stroke changing into mismatches beyond three months. The sensitivity, specificity,
positive predicted value, except the negative predicted value, had higher values in the
time-window 0...3 months post-stroke.

Discussion

These results show that stroke patients had significantly more matches than mismatches
between observational and self-reported measures of improvements of the upper limb
during the first 6 months, which is in accordance with earlier findings. 101617:30 Contrary to our
hypothesis, the proportion of matches remained stable between 0...3 months and 3...6 months
post-stroke, and is therefore not significantly dependent on the timing of assessment within
the subacute stage post-stroke. Patients with mismatches within the first three months post-
stroke were more likely to underestimate their self-reported performance (86%), whereas
between 3...6 months they tended to overestimate their self-reported performance (61%) on
the MAL-QOM and SIS-Hand domain, compared to their actual improvements on the ARAT.

The significantly high correspondence between observational and self-reported improve-
ments of the upper limb are in line with cross-sectional studies in which significant associations
between observational and self-reported measures were found. 1°161730 These findings suggest
that the patientss perspective is usable in the evaluation of upper limb rehabilitation, which
supports patient involvement in rehabilitation as encouraged in patient-centred care.
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In line with the present study, van Delden et al. (2013)*° used the MCID of the change
scores to determine an improvement in scores, and found a significant discrepancy in the
proportions of matches, compared to mismatches, between the ARAT and MAL-QOM,
where matches were more prevalent. However, in contrast, they found no significant
difference in the proportion of matches and mismatches between the ARAT and SIS-Hand.
This may be explained by the differences in severity and timing of assessments of upper
limb paresis between both studies. Van Delden et al. (2013)*° only included patients with
noticeably preserved motor function (i.e. control of the paretic wrist and fingers) in contrast
to the current study, in which 63.5% of the patients could not voluntarily extend the thumb
and/or two or more fingers. Since preserved control in hand function (i.e. finger extension)
early post-stroke is a favourable sign for good outcome of the paretic upper limb, more
spontaneous motor recovery is expected and needs to be perceived and subsequently
guantified by the patient, which can complicate self-reports and may result in mismatches. 3
Otherwise, the group of patients that no longer recovers remains stable, which can facilitate
self-reports and may result in matches.

Neither of the self-reported measures (MAL-QOM and SIS-Hand) was found to be superior
in terms of the number of matches with the observational measure (ARAT) during the six-
month period after stroke. However, beyond the first three months the values for sensitivity,

specificity, positive- and negative predicted value were slightly lower than within the

first three months post-stroke. The MAL-QOM and SIS-Hand have not been compared
previously.**15 However, a possible explanation for higher sensitivity, specificity values in
the first three months post-stroke is a higher degree of neuroplasticity early after stroke.

Since larger percent changes are required for a self-reported measure as the MAL-QOM
to exceed the measurement error, the sensitivity, specificity values can be lower beyond
the first three months post-stroke where less recovery is expected. 232

The proportion of matches remained similar between the early subacute phase (i.e. the
first three months post-stroke) and the late subacute phase (3...6 months post-stroke). In
measures of self-reported physical function, response shifts seem to occur (i.e. changes
within patients regarding internal standards, values or conceptualization of health-related
quality of life) over time post-stroke. *Evaluation-baseds items, such as when the patient need
to evaluate their difficulty in task performance, are most susceptible to response shifts.
The SIS-Hand and MAL-QOM contain evaluation-based items. Although patients that
have recalibrated what difficulty means to them, it corresponded with the observationally
detected improvements. These findings, while preliminary, provide further support for the
use of PROMs in the assessment of upper limb capacity. However, caution must be applied,
as the findings might be different for patients with severe communication problems or
cognitive complaints. This group of patients was not included in our study.
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The mismatches (over- and under-estimations) between observational and self-reported
outcome measures could be attributed to different causes. Underestimations of self-reported
capacity in the first three months may be associated with a more pronounced disturbed
self-awareness? a limited insight into oness own functioning, * more negativity-prone
thoughts, and lack of information about the rehabilitation phase. Another possibility is that
the improved, but affected, upper limb capacity is insufficiently used in daily activities, so
that functional recovery is not fully experienced. Overestimations of self-reported capacity
beyond the first three months may be explained by a less disturbing perception of upper
limb impairments or better adaptation to the new situation.

Other reasons for mismatches between observational- and self-reported outcome measures
might be that standardized testing does not account for complex and stressful real-world

situations in contrast to perceived self-reported outcomes. Reverse conditions may also be
possible, where patients adapt to their own environment and use compensatory strategies
to manage daily life, despite poorer performance in a single (test) environment. 343°

Study limitations

This study has some limitations. Firstly, this study had a restricted sample size, and the
outcome measures were arbitrarily chosen based on presence in the EXPLICIT trial?
Secondly, there is no consensus about the most appropriate methodological method to
identify (clinical meaningful) improvement (e.g. MCID values, cut-off scores). We chose to
use the MCID values (based on clinical experience and expertise; 10% of the total range
of the scale) of the outcome measures to define if a given improvement between two time
points was smaller (unsuccessful change) or larger (successful change) than these value%.In
addition, different methods and algorithms are also used to calculate MCIDs (i.e. distribution-
based or anchor-based approaches, clinical experience and expertise). Thirdly, patients with
severe communication problems and cognitive deficits were excluded from the EXPLICIT
trial. In particular, this group of patients run the risk of inaccurate self-reports, which limits
the generalizability of the results. ¢t

Conclusion

Self-reported questionnaires used for monitoring upper limb recovery are accurate when
compared to observationally measured improvement in the early and late subacute phase
after stroke. The current study suggests that timing of assessment post-stroke does not
affect the accuracy of self-reports in sub-acute stages. Self-reported measures can give
additional insights into the impact of disability on the patient, beyond what is provided by
observational measures alone. Self-reported measures in addition to observational measures
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can help to design optimized rehabilitation strategies for patients who underestimate their
capacity (training in use of the affected hand, positive psychology, self-efficacy, expectations
management). For the patients who overestimate their capacity training in body-image
may be warranted.

In order to include patients with severe communication problems or cognitive deficits in
PROMS, further research should focus on determining whether alternative self-reported
measures and reported data by a proxy are equally accurate as observational measures.
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Chapter 4

Abstract

Background: Impairments in arm function are a common problem in stroke survivors and
have a large impact on health-related quality of life (HRQoL). Little is known about the
longitudinal relationship between recovery of upper limb strength and changes in HRQoL.

Objectives: This study aimed to determine to what extent changes in HRQoL are related
to changes in upper limb strength after discharge from inpatient rehabilitation.

Methods: 250 patients from an RCT were assessed at discharge from inpatient rehabilitation
(baseline) and at 12 weeks post-discharge (follow-up). The Stroke Impact Scale was used to
measure HRQoL, and the Motricity Index Arm was used to measure upper limb strength.
Hierarchical regression analysis was performed to determine the predictive value of upper
limb strength on HRQoL, relative to demographic and clinical characteristics. Regression
analysis was used to determine the relation between upper limb strength improvement
and HRQoL improvement.

Results: Upper limb strength at baseline was a major predictor of HRQoL at follow-up, after
accounting for demographic and clinical characteristics (p < .05). Improvement in HRQoL
was positively related to improvement in upper limb strength ( F(1, 240) = 18.351, p <.0005).

Conclusions: These findings highlight the importance of upper limb strength in HRQoL, as
HRQoL is associated with improvement in upper limb strength recovery. Better monitoring
of recovery and treatment of upper limb strength during the outpatient rehabilitation period
and beyond, i.e. outside the typical time-window of recovery in the first three months post-
stroke, might contribute to higher quality of life for stroke survivors.
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Introduction

Stroke is a major health problem across the world causing complex disability. * The impact
of this common and serious condition on an individualss life is considerable: physical,
psychological and social consequences can be experienced.?-*Upper limb paresis, a
muscle weakness in the affected limb to one side of the body, is one of the most frequently
occurring conditions (up to 85% of stroke survivors).> Improvement in upper extremity
motor function occurs mainly in the first few months after stroke. ” At 6 months post-stroke,
estimates pointed out that some dexterity in the paretic arm is found in 38% of the stroke
patients who show no dexterity in the first week post-stroke. 7-°

Arm function plays a critical role in the performance of daily life activities. Most everyday
activities require the use of both hands, and because of this the performance of bimanual
activities receives considerable attention in the rehabilitation setting. ° Improved arm and
hand function positively contribute to societal participation and (health-related) quality of
life.11011 Health-related quality of life (HRQoL) can be defined as an individualss (or groupss)
perceived physical and mental health over time. 2 There is a growing body of literature
that recognises that different factors influence HRQoL after stroke. 4314 A cross-sectional
study has shown that the extent of upper limb improvement positively influences a patientss
perception of what activities can be performed, which in turn enhances HRQoL. * Incomplete
motor recovery of the upper and lower extremities has been found to be the strongest
predictor of a lower HRQoL in a observational study. *

Whilst some research has been carried out on the association between arm function and
HRQoL *314 there has been no longitudinal investigation of improvement in HRQoL in
relation to improvement in arm recovery. Obtaining insights into this relationship will be
useful for understanding problems faced by patients and for planning and optimization of
rehabilitation treatment after stroke.

The first aim of the present study was to identify the relation between upper limb strength

and HRQoL at discharge from inpatient rehabilitation and at follow-up (12 weeks later).
Second, we aimed to determine whether upper limb strength at discharge from inpatient

rehabilitation predicts HRQoL at follow-up, when corrected for patient and stroke

characteristics. Third, we aimed to determine whether a change in upper limb strength is
related to a change in HRQoL over time. We hypothesized that an improvement in upper
limb strength is positively related to an improvement in HRQoL.
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Methods

Data for this study were collected during the FIT-stroke trial. ** The FIT-Stroke trial is a strati-
fied, multicentre single-blinded randomised controlled trial to investigate the effectiveness
of task-oriented circuit class training. Stroke patients were recruited in nine outpatient reha-
bilitation centres in the Netherlands, between June 2008 and December 2010. All included
patients completed an inpatient rehabilitation period (average of three months) and were
included at the start of their outpatient rehabilitation period. The inpatient rehabilitation
period consisted of a multidisciplinary approach to reach complex (physical and cognitive)
rehabilitation goals. The patients were treated by nurses, physical therapists, occupational
therapists, speech therapists, social workers and psychologists. Outcomes from assessments
at baseline (start outpatient rehabilitation period) and 12 weeks after randomization were
used in this study. Full details of the FIT-Stroke trial have been reported elsewhere. *°

The FIT-Stroke protocol has been approved by the Medical Ethics Committee of the
University Medical Centre Utrecht and all the participating rehabilitation centres. The trial
is registered in the Dutch Trial Register (NTR1534). The content of this manuscript conforms
to STROBE guidelines?®

Participants

For inclusion, patients were eligible if they 1) had a verified stroke according to the
WHO definition; 2) were discharged from a rehabilitation centre; 3) needed to continue
physiotherapy during outpatient care to improve walking competency or physical condition,
or both; and 4) were able to give informed consent and motivated to participate in a 12
week intensive program of physiotherapy. Patients affected by cognitive deficits (Mini
Mental Status Examination, < 24 points), who were not able to communicate (Utrechts
Communicatie Onderzoek (UCO), < 4 points) or lived more than 30 kilometres from the
rehabilitation centre were excluded. All participants provided written informed consent.
The study size was based on a power analysis!®

Outcome measures

Health-Related Quality of Life: Stroke Impact Scale (SIS), version 3

The SIS 3.0 is a multidimensional, self-reported stroke-specific 59-item instrument that
assesses HRQoL in eight domains related to activities and participation (including strength,
memory, emotion, communication, activities of daily living (ADL), mobility, hand function
and participation). The SIS has been shown to have good psychometric properties in a
group of stroke survivors.” All 59 items are rated using a five-point Likert scale and scored
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from eunable to complete the iteme to *no difficulty experienced completing the iteme. Each
domain of the SIS has a range of 0...100 with higher scores indicating better quality of life.
An extra question in the recovery domain assesses how much the patient feels that he/she
has recovered from his/her stroke.’

Independent variables

Motricity Index (M), arm

The upper extremity subscale of the Motricity Index (MI arm) was used to assess muscle
strength of the paretic arm. The MI arm gives a rapid and reliable measure of the upper
limb strength and uses a 6-point ordinal scale, with higher scores indicating better upper
limb strength. The MI has been shown to provide good validity and reliability as a tool in
stroke research*® Pinch grip, elbow flexion and shoulder abduction were assessed. On each
dimension, scores ranged from 0 (no activity) to 33 (maximal muscle force).®

Motricity Index (Ml), leg

The lower extremity subscale of the Motricity Index (Ml leg) was used to assess muscle
strength and voluntary movement of the paretic leg. Ankle dorsiflexion, knee extension and
hip flexion were assessed. The scoring system is similar to the Ml arm described above. The
MI has been shown to provide good validity and reliability as a tool in stroke research. ®

Hospital Anxiety and Depression Scale (HADS)

The HADS is a self-reported measure for assessing anxiety and depression in patients,
but it does not provide a specific diagnosis. *° It is a 14-item scale with 7 items for anxiety
and 7 items for depression. The items use a four-point rating scale and patients can score
between 0 and 3 points per item. The HADS has been proven to be a reliable, valid and
practical psychological screening tool, with lower scores indicating lower risk of anxiety
and/or depression disorders. *°

Fatigue Severity Scale (FSS)

The FSSis a self-administered questionnaire with nine questions that examine the perceived
severity of fatigue symptoms in different situations in the past week. 2° The patient indicates
to what extent fatigue determines functioning. Scores for each item range from 1 (strong
disagreement) to 7 (strong agreement). The FSS is a valid and reliable scale to measure
fatigue in stroke. ?°

Demographic and clinical variables
Age, gender, stroke type, side of hemiplegia and dominant side affected were assessed as
potential predicting variables of HRQoL.
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Data analysis

We statistically tested for differences in change scores on HRQoL, arm- and leg function
between the circuit class training group and the usual care group 12 weeks after
randomization to determine if both groups could be included in the analysis. SIS total score
was the dependent variable in the regression analysis. Age, gender, clinical variables (stroke
type, side of hemiplegia and dominant side affected) and clinical scales (Ml arm and leg,
HADS, FSS) at baseline and at follow-up were considered as independent variables. We
tested whether the assumptions for a linear regression analysis were met. Change-from-
baseline scores of the SIS and Ml-arm were computed to describe the data.

To determine the relationship between HRQoL and upper limb strength, cross-sectionally
at baseline and follow-up, univariate regression analysis was performed. Variables
demonstrating p-values < 0.20 were included in the hierarchical regression analysis.

To determine how much variance in HRQoL at follow-up was explained by upper limb
strength and other demographic and clinical variables at baseline, hierarchical regression
analysis was performed. HRQoL at baseline post-stroke was entered as first block into the
analysis (to control for the effect of the dependent variable) and upper limb strength as
second block. Clinical variables that could be included in the hierarchical regression analysis
were combined as the third block and demographic and stroke characteristics were added
in the fourth block. Potential predictor variables were examined for collinearity by inspection
of the correlation coefficients (no multicollinearity when coefficients < 0.7) and Tolerance/
VIF values (Tolerance needed to be > 0.1 and VIF values < 10).

Univariate regression analysis was also performed with change-from-baseline scores for
HRQoL, as dependent variable, and change-from-baseline scores in upper limb strength. Effect
sizes were classified as .02, .15 and .35 as small, medium, and large effect size$! Significance
levels were set at p = .05. Statistical analyses were performed with SPSS, version 25.0.

Results

In total, 250 participants were included in this study (flowchart; Appendix 4.1). Of the 250
included patients, one patient in the circuit training group and seven in the usual care
group were excluded from the analysis. Reasons were withdrawal from participation (n =
3), death from cancer (n = 2), and recurrent stroke (n = 2), while one patient missed the
12-week assessment visit because of change of address!® The change scores on HRQoL,
arm- and leg function from circuit class training group and control group did not differ
significantly from each other 12 weeks after randomization. Table 4.1 lists the clinical and
demographic characteristics of the patients. The baseline assessment was done 102 days
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(SD 64) post-stroke and the follow up assessment 12 weeks after baseline. The average age

in the population was 57 years (SD 10), 65% (n = 162) was male, the majority (n = 203) had

an ischemic stroke, and almost half of the patients (n = 116) had a right hemisphere lesion.

From this table we can see that there are significant improvements in mean scores over

time for most clinical variables (p < .05), except the emotion subscale (SIS), FSS and HADS.

Table 4.1: Baseline characteristics (n = 250)

Characteristics Baseline Follow-up* p value
Age (years) 57 (10)
Gender, n (% male) 162 (65)
Stroke type, n (%)
Ischemic 203 (81)
Haemorrhagic 47 (19)
Site of stroke, n (%)
Right hemisphere 116 (46)
Left hemisphere 91 (36)
Brainstem 20 (8)
Cerebellum 4(2)
Time since onset, days 102 (64)
Stroke Impact Scale*
Strength (0...100) 51.80 (20.27) 59.61 (22.82) <.01
Memory (0...100) 81.83 (17.48) 87.08 (15.92) <.01
Emotion (0...100) 82.56 (13.57) 81.89 (14.51) .49
Communication (0...100) 84.89 (18.94) 86.51 (18.01) .04
Activities (0...100) 70.13 (15.44) 77.43 (16.57) <.01
Mobility (0...100) 79.32 (14.11) 85.56 (12.90) <.01
Affected hand (0...100) 45.10 (35.59) 55.68 (37.69) <.01
Participation (0...100) 66.75 (20.84) 71.94 (19.59) <.01
Recovery (0...100) 56.53 (16.53) 63.56 (17.34) <.01
Physical functioning (0...100) 60.74 (16.16) 69.57 (19.36) <.01
Total (0...100) 70.30 (11.54) 75.61 (13.78) <.01
Fatigue Severity Scale (1...7) 3.98 (1.69) 4.03 (1.67) .43
Hospital Anxiety and Depression Scale®
Depression (0...21) 4.40 (3.23) 4.28 (4.00) .53
Anxiety (0...21) 3.63 (3.27) 3.66 (3.55) .64
Nottingham Extended ADL @
Mobility (0...18) 10.90 (4.21) 13.62 (4.14) <.01
Kitchen (0...15) 10.06 (3.80) 12.45 (3.53) <.01
Domestic (0...15) 4.53 (3.93) 7.95 (4.08) <.01
Leisure (0...18) 7.31 (2.87) 10.39 (3.60) <.01
Motricity Index @
Arm (0...100) 60.37 (26.41) 65.35 (26.27) <.01
Leg (0...100) 68.13 (20.16) 72.92 (20.41) <.01

Values are displayed as mean (SD) unless otherwise indicated; * Follow-up was 12 weeks after the
baseline assessment, n = 242;2 Higher mean scores reflect better function; ® Lower mean scores reflect

better function.
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For HRQoL (SIS), the mean score at baseline was 70.30 (SD 11.54) and three months later
the mean was 75.61 (SD 13.78). The highest score at baseline was 94. One patient reached
the maximum score of 100 at the follow-up assessment. Change-from-baseline scores show
that 57 patients (24%) had a negative change score (decline), and the remaining patients
had a neutral (change score of 0; 3%) or positive change score (improvement; 73%). The
lowest and highest change-from-baseline scores were -23 and +40, respectively.

Mean upper limb strength (MI-arm) was 60.37 (SD 26.41). Eleven patients (4%) had a baseline
score of 0 in comparison to 21 patients (8%) with the maximum score of 99 at baseline. Six
months post-stroke, mean Ml-arm was 65.35 (SD 26.27), and only seven patients (3%) had a
score of 0 while the number of patients reaching the maximum score increased to 40 (17%).
Change-from-baseline scores showed that 39 patients (16%) had a negative change score,
and the remaining patients had a neutral (no change) (28%) or positive change score (56%).
The lowest and highest change-from-baseline scores were -23 and +52 points, respectively.

Upper limb strength and health-related quality of life cross-sectionally in time

Linear regression analysis showed that HRQoL was statistically significantly related to
upper limb strength at baseline, F(1, 248) = 165.023, p < .0005 and upper limb strength
accounted for 40% of the explained variability in HRQoL (Table 4.2). At follow-up HRQoL
was also significantly related to upper limb strength, F(1, 240) = 225.191, p < .0005 and
upper limb strength accounted for 48% of the explained variability in HRQoL (Table 4.2).
Table 4.2 also shows that age, sex, side of hemiplegia, Ml-leg, HADS and FSS in relation to
HRQoL at baseline can be included as independent variables in the regression analysis (all
p <.2). At follow-up, age and sex (baseline), MI-leg, HADS and FSS in relation to HRQoL
emerged as independent variables (all p < .2).

Upper limb strength, stroke- and clinical variables, and health-related quality of life

over time

HRQoL at baseline (Model 1) was significantly related to HRQoL at follow-up, (R? = .644,
F(1, 229) = 414.546, p < .0005) (Table 4.3). The addition of (improvement in) upper limb
strength to the prediction of HRQoL at follow-up (Model 2) led to a statistically significant
increase in R of .078, F(2, 227) = 31.983, p < .0005. The addition of MI-leg, FSS, HADS
(Model 3) led to small, non-significant changes in R? (.004) (Table 4.3). The addition of age,
sex and hemiplegia (full model) led to a small increase in R? of .010, which was statistically
significant (p < .05, Table 4.3 for full details). Clinical variables, like leg function (Ml-leg),
did not show significant correlation with HRQoL ( p > .05). Sex was the only stroke-related
characteristic with a significant relation with HRQoL (p < .05).
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Table 4.3: Hierarchical regression analysis

Stroke Impact Scale, at follow-up

Baseline B SEB A p R Rchange F p
Model 1 .644 414.546  .000*
SIS total .965 .047 .803 .000*
Model 2 722 .078 31.983 .000*
SIS total .745 .054 .620 .000*
MI-arm .159 .024 .302 .000*
Ml-arm (baseline- .290 .049 211 .000*
follow-up)
Model 3 726  .004 1.040 .376
SIS total .699 .068 .582 .000*
Ml-arm 145 .030 274 .000*
Ml-arm (baseline- .283 .050 .206 .000*
follow-up)
Ml-leg .042 .033 .060 .206
FSS 231 .331 .028 484
HADS -.131 .107 -.057 .223
Model 4 .736  .010 2.807 .040*
SIS total .675 .070 .561 .000*
MI-arm 152 .030 .288 .000*
Ml-arm (baseline  .276 .049 .201 .000*
... follow-up)
Ml-leg .041 .033 .060 .209
FSS .166 .338 .020 .624
HADS -.128 .107 -.056 .230
Age -.051 .049 -.038 .297
Sex -2.615 1.042 -090 .013*
Hemiplegia?® -1.130 1.013 -041 .266

Ml-arm/leg: Motricity Index arm/been; HADS: Hamilton Anxiety and Depression Scale; FSS: Fatigue
p <.05.

Severity Scale;? Dummy coding: 0 = left, 1 = right; *

Changes in upper limb strength and changes in health-related quality of life over time
According to the R2=0.71 (Figure 4.1), the change scores in upper limb strength between
baseline and follow-up accounted for 7.1% of the variation in change scores in HRQoL
between baseline and follow-up. 2t Change scores in upper limb strength between baseline
and follow-up significantly predicted change scores in HRQoL between baseline and follow-
up (F(1, 240) = 18.351, p < .0005).
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Figure 4.1: Scatterplot and linear regression fit for change-from-baseline scores between baseline
and follow-up.
Re =.071; adjusted R? = .067; F(1, 240) = 18.351, p < .0005.

Discussion

This is the first study that assesses the degree and relative impact of the relationship,
both cross-sectionally and longitudinally, between upper limb strength and HRQoL.

Upper limb strength was significantly related to HRQoL at baseline and follow-up and is
an important significant predictor of HRQoL, even after correcting for clinical and stroke

characteristics. Furthermore, an improvement in upper limb strength was positively related

to an improvement of HRQoL, which suggests that recovery of upper limb strength is also
important during the outpatient rehabilitation period and beyond.

Our finding that upper limb strength is independently related to HRQoL is in line with
findings from other studies. 1413142223 |n contrast to earlier studies, however, our study is
able to demonstrate the relation between upper limb strength and HRQoL in the sub-acute
outpatient rehabilitation phase. In addition, patients were enrolled at a specific moment
during stroke rehabilitation, namely upon discharge from inpatient rehabilitation. We
considered it useful to explore this sub-acute phase, since it is characterized by minimal
rehabilitation support and is beyond the sensitive time-window of recovery. 242% Most earlier
studies assessed patients within a broad time frame after stroke (e.g. 2...68 months after
stroke onset), and took place in the chronic phase. 413142223
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Our study highlights the unique contribution of upper limb strength to HRQoL and its
importance compared to other predictors. In previous studies arm function was included
as one of the many potential predictors of HRQoL and can therefore have been easily
overlooked, as these studies did not focus solely on arm function. 14131422 Some previous
studies did show that specific domains of HRQoL, i.e. ADL and participation, were related to
arm function,*31* and that autonomy in daily life activities was strictly related to recovery of
the affected arm.?® The current study also demonstrates that upper limb strength contributes
more to HRQoL than other predictors, like leg function, which is consistent with the findings
of a comparable study,“ indicating that upper limb strength is the strongest predictor of
HRQoL. It should be noted that this has only been demonstrated in mildly to moderately
impaired stroke patients, because the inclusion criteria were limited to this group of patients. *

In addition to the importance of upper limb strength, there are several factors that predict
HRQoL in stroke patients. Our study demonstrated that HRQoL was also cross-sectionally
predicted by age, sex, side of hemiplegia, anxiety and depression, leg function and fatigue.
In accordance with most studies, symptoms of anxiety and depression and post-stroke
fatigue could affect a patientss motivation to participate in rehabilitation programs and
influence (the rate) of recovery.>*327 Older age is associated with poorer HRQoL in stroke
patients as in the general population. The association between (female) gender and poorer
HRQoL might be explained by a higher prevalence of anxiety post-stroke. * Dominant side
of hemiplegia has been repeatedly shown to be associated with HRQoL. Most patients are
right-handed with a left hemisphere stroke. Since the left hemisphere controls speech and
language function may affect HRQoL through an altered communication ability. -2

In contrast to the current study, previous studies have not assessed the effect of changes
in upper limb strength over time on HRQoL, as HRQoL was assessed at a single time-
point. 42329 The current study shows that improvements in upper limb strength are positively
related to improvements in HRQoL during outpatient rehabilitation. This suggests that there
should also be a focus on upper limb strength recovery in the outpatient rehabilitation
phase, in order to possibly expect improvement in HRQoL. The improvement in upper
limb strength found during outpatient rehabilitation raises the possibility that there is
potential to train outside the sensitive time-window (i.e. 0...3 months post-stroke).1 A
recent study that investigated an intensive upper limb neurorehabilitation programme
in chronic stroke patients, found large clinical improvements in measures of impairment
and activity.®> However, future studies are recommended to confirm the results and
unanswered questions about potential for arm recovery beyond the sensitive time-window.
Currently, patients receive little to no rehabilitation support when discharged to the
community. 242
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The present study had some limitations. Firstly, included patients were indicated for
inpatient rehabilitation when discharged from the hospital and had only mild to moderate
stroke, which limits the generalizability of the trial. In addition, the included patients were
specifically selected for inclusion in a task-oriented circuit class training because of primary
problems in walking competency, what might result in a selection of patients with relatively
mild upper limb impairment. Nonetheless, only a few patients reached a maximum score on
the upper limb clinical measures at baseline. Secondly, we chose to limit this study to upper
limb strength, while sensory function may play a prominent role in a patientss perception of
arm function. % Future studies should determine the role of sensory function in the relation
between upper limb strength and HRQoL.

Our study provides evidence that upper limb strength is an important independent predictor
of HRQoL in the sub-acute phase after stroke. Upper limb strength appears to be the most
important predictor of HRQoL, besides other predictors as leg function and anxiety, and an
improvement of upper limb strength contributes positively to HRQoL. Current arm function
recovery therapies, e.g. constraint-induced movement therapy, % should be optimized
and evaluated since improvement in upper limb strength positively influences HRQoL.
Future studies on the current topic, and outside the sensitive time-window of recovery, are
therefore recommended.
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Appendix 4.1 Inclusion ”

ow diagram

[ Enrollment ]

Assessed for eligibility (n = 971)

Excluded (n = 721)
i Not meeting inclusion criteria (n = 662)

i Declined or unable to participate (n =
59)

Randomized (n = 250)

l

A 4

)

Allocation

\4

|
J

Allocated to usual care (n = 124)
i Received allocated intervention (n = 124)
i Did not receive allocated intervention (n = 0)

Allocated to intervention (n = 126)

i Received allocated intervention (n = 122)

i Did not receive allocated intervention (n = 4;
did not start outpatient rehabilitation)

' |
L

Follow-up

1 !

Lost to follow-up (n = 1; missed assessment at
12 weeks)

Discontinued intervention (n = 6; died from
cancer (n = 2), recurren stroke (n = 2),
withdrew without reason (n = 2)

A4

Analysed at 12 weeks (n = 117)
Analysed at 24 weeks (n = 117)

86

Lost to follow-up (n = 0)
Discontinued intervention (n = 1; withdrew
without reason)

pu
Analysis v
)

Analysed at 12 weeks (n = 125)
Analysed at 24 weeks (n = 125)




Upper limb strength and health-related quality of life

87






PART Il

Aiming for optimal recovery ...
non-invasive brain stimulation in the
rehabilitation of stroke




i)

)
¥
i |




Timing of repetitive
transcranial magnetic

stimulation onset for upper

limb function after stroke:
A systematic review and
meta-analysis

Eline C.C. van Lieshout

H. Bart van der Worp
Johanna M.A. Visser-Meily
Rick M. Dijkhuizen

Frontiers in Neurology. 2019;10:1269



Chapter 5

Abstract

Background: Repetitive transcranial magnetic stimulation (rTMS) is a promising intervention
to promote upper limb recovery after stroke. We aimed to identify differences in the efficacy
of rTMS treatment on upper limb function depending on the onset time post-stroke.

Methods: We searched PubMed, Embase, and the Cochrane Library to identify relevant
RCTs from their inception to February 2018. RCTs on the effects of rTMS on upper limb
function in adult patients with stroke were included. Study quality and risk of bias were
assessed independently by two authors. Meta-analyses were performed for outcomes on
individual upper limb outcome measures (function or activity) and for function and activity
measures jointly, categorized by timing of treatment initiation. Timing of treatment initiation
post-stroke was categorized as follows: acute to early subacute (< 1 month), early subacute
(1...3 months), late subacute (3...6 months) and chronic (> 6 months).

Results: We included 38 studies involving 1,074 stroke patients. Subgroup analysis
demonstrated benefit of rTMS applied within the first month post-stroke (MD = 9.31; 95%
confidence interval [6.27...12.34]p <.0001), but not in the early subacute phase (1...3 months
post-stroke) (MD = 1.14; 95% confidence interval [-5.32...7.59],p =.73) or chronic phase
s(> 6 months post-stroke) (MD = 1.79; 95% confidence interval [-2.00...5.59]p = .35), when
assessed with a function test (Fugl-Meyer Arm test (FMA)). There were no studies within
the late subacute phase (3...6 months post-stroke) that used the FMA. Tests at the level of
function revealed improved upper limb function after rTMS (SMD = 0.43; 95% confidence
interval [0.02...0.75];p = .0001), but tests at the level of activity did not, independent
of rTMS onset post-stroke (SMD = 0.17; 95% confidence interval [-0.09...0.44];p = .19).
Heterogeneities in the results of the individual studies included in the main analyses were
large, as suggested by funnel plot asymmetry.

Conclusions: Based on the FMA, rTMS seems more beneficial only when started in the
first month post-stroke. Tests at the level of function are likely more sensitive to detect

beneficial rTMS effects on upper limb function than tests at the level of activity. However,

heterogeneities in treatment designs and outcomes are high. Future rTMS trials should
include the FMA and work towards a core set of outcome measures.
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Introduction

In patients with stroke, paresis of the upper limb is a major cause of disability. 2 This motor
disturbance influences activities of daily living, but also the quality of life of patients and
their relatives.®# Neurorehabilitation therefore often focuses on restoration of upper limb
function. Several studies have suggested that non-invasive brain stimulation promotes
recovery of the upper limb, possibly through enhancement of motor cortex plasticity. >°

Repetitive transcranial magnetic stimulation (rTMS) is a non-invasive, painless method to
modulate cortical excitability. High-frequency rTMS or intermittent theta-burst stimulation
(TBS) can increase cortical excitability, whereas low-frequency rTMS or continuous TBS can
suppress cortical excitability.” Interhemispheric imbalance in primary motor cortex (M1)
activity and the remaining functional motor output after stroke may contribute to motor
dysfunction and has been suggested as target for therapeutic rTMS. 8

Earlier meta-analyses of small, randomized controlled trials (RCTs) suggest that rTMS is
able to improve motor outcome in the paretic arm after stroke. %° However, there are large
differences between the results of RCTs, which could be explained by methodological
differences,***? including the timing of treatment initiation after stroke.

Research to date has not yet determined which time period post-stroke would be the optimal
time window to start treatment. Many clinical practice guidelines advocate an early start
of rehabilitation after stroke. ** Results from studies in animal models and patients suggest
that there is an early critical time window during which the brain is most responsive to
neurorehabilitation treatments. ** Most recovery takes place during the first three months,
after which improvement is believed to reach a plateau phase. > However, it remains
unknown whether rTMS interventions early after stroke could be more effective than at later
points in time. Furthermore, the used outcome measure(s) to assess upper limb function
must match with the stated intention of the treatment. Outcomes can be measured at the
level of function, activity (capacity and performance) or participation, according to the
International Classification of Function, Disability and Health (ICF model).'” An outcome
measure at function level (e.g. Fugl-Meyer Assessment (FMA)) may be more sensitive to
effects of interventions targeted at the neural level, than outcome measures at the level of
activity or participation (e.g. Action Research Arm Test (ARAT)), which are also affected by
cognitive, personal and environmental factors. 18

We performed a systematic review and meta-analysis to evaluate whether the efficacy of
rTMS on upper limb function depends on the time of treatment initiation after stroke. As
secondary aims, we also assessed the efficacy of rTMS on upper limb function at the levels
of function and activity (ICF model), and determined the efficacy of rTMS applied in the first
month post-stroke on upper limb function assessed at three months post-stroke.
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Methods

This systematic review was conducted according to the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guideline®’ We did not register the
protocol in a registry prior to publishing.

Search strategy and selection of studies

We searched the literature in three databases (PubMed, Embase, Cochrane Library) for RCTs
published up to February 2018 as a full-text article in the English language. We based our
search on the following overarching PICO:

In adult patients ( 18 years) with stroke (population), does rTMS aimed at
improvement of upper limb function (intervention) as compared with sham
rTMS or no rTMS (comparison) improve function or activity of the upper limb
(outcome)?

We used the key terms estroke,e stranscranial magnetic stimulation,e supper limb function,e
or their synonyms (for a detailed search strategy, see Appendix 5.1). Manual searches of
the reference lists of the selected articles were also conducted.

Studies were excluded if rTMS was part of a coupling/priming protocol or if it was bilateral;

if there was no upper limb outcome or stroke severity scale measurement (e.g. NIHSS

score) as outcome assessment; or if information required to perform a meta-analysis (e.g.

mean scores, standard deviations) was missing. When necessary, authors were contacted,
or procedures were deployed for estimation of missing data (see Analyses). Two reviewers

(EvL and RC) evaluated the retrieved literature based on titles and abstracts. Differences
were discussed until consensus was reached.

Critical appraisal of studies

The methodological quality and risk of bias of the included studies were evaluated with
the PEDro scale (Physiotherapy Evidence Database from the Centre for Evidence-Based
Physiotherapy of The George Institute for Global Health). 2° The eleven items on the scale can
be rated as present or absent, with a maximum score of 10 (one item is excluded in the PEDro
score). The sum score was classified according to the Canadian Stroke Rehabilitation Evidence-
Based Review (SREBR), which categorized the study quality as excellent (9...10), good (6...8), fair
(4...5), or poor (0...8)As a modification, studies scoring 6 or higher in which the critical criteria 2
or 3 (randomization and concealment of allocation, respectively) were absent, were downgraded
to fair quality. The methodological quality and risk of bias were rated independently by two
reviewers (EvL and RC), compared and discussed until consensus was reached.
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Data extraction

The following data were extracted from the included studies: number of subjects;
demographic and clinical characteristics of the subjects (age, gender, time since stroke);
intervention protocols (type of rTMS and additional therapies, intensity, number of pulses
and sessions, type of coil); outcome measures and mean differences and standard deviations
(SDs) of the change scores or means and SDs of the scores after intervention. The extracted
data was cross-checked by the second reviewer (RC).

We made an overview of all outcome measures used in the included studies and selected
the outcome measures that were used in at least two studies, to enable analysis of results
per individual outcome measure. Outcome measures were categorized according to the

ICF model to group them at the level of function or activity for further analysis.

We made a categorization of time of treatment post-stroke according to the recent
recommendations by the Stroke Recovery and Rehabilitation Roundtable (SRRR) taskforcé:
acute to early subacute (< 1 month), early subacute (1...3 months), late subacute (3...6 months)
and chronic (> 6 months). The SRRR categorization of acute (1...7 days) and early subacute
(7 days...3 months) were taken together and divided into acute to early subacute (< 1
month) and early subacute (1...3 months), because most recovery of motor function takes
place within the first 30 days post-stroke. Z In this way, all included studies could fit within

a (specific) treatment timeframe. We checked whether the real and sham rTMS conditions

of crossover studies could fit within the specific timeframe.

Data analysis
Cohenss kappa was calculated to check the interrater reliability of the selection and inclusion
of articles.

For quantitative synthesis, effect sizes were calculated based on the change between
baseline and post-intervention measurement, or the post-intervention score if the baseline
score was not given, in the rTMS and control groups, divided by the pooled standard
deviation. We calculated the standard deviation when only t-values and standard error of
the mean (SEM) were reported. If there was no numerical data provided, we extracted these
from the figures, using Plot Digitizer 2.6.8 based on the Cochrane Handbook for Systematic
Reviews of Interventions.?* In case of repeated outcome assessments, the first assessment
performed after the treatment was used to represent the post-intervention data. Crossover
trials were included when point estimates and associated precision of point estimates were
given, and when a washout period was incorporated. Standardized mean differences (SMDs),
instead of the mean difference (MD), with 95% confidence intervals (95% Cls) were used if
the outcome measurement scale was not identical between studies. The (unstandardized)
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mean difference was used when change-from-baseline scores were combined with post-
intervention scores. If a study had multiple treatment groups, the results for the individual
treatment conditions were compared. If the results were comparable, an overall effect for the
different treatment conditions was computed and used (multiple comparison correction). 2

To investigate the effect of rTMS treatment in the subacute or chronic phase after stroke,
subgroup analyses were performed for the individual outcome measures found. Subgroup
analyses of the different timings of post-stroke rTMS treatment were also performed for
function and activity outcome measures jointly.

To determine the effect of rTMS applied within the first month post-stroke on upper limb
function assessed 3 months post-stroke, an independent analysis was performed.

To determine the potential influence of rTMS frequency (low to the unaffected hemisphere
versus high to the affected hemisphere), number of treatment sessions and additional therapy
(rTMS alone versus rTMS + therapy), additional subgroup analyses were performed for the
function and activity outcome measures (while maintaining the differentiation between
subacute and chronic groups). At least two treatment time-points had to be represented
in the subgroups, and a subgroup had to consist of at least one study.

The heterogeneity of the effect sizes was assessed with Cochranss Q-test and the inconsistency
I2 index, in order to assess the consistency between the trials.?* The heterogeneity of the
outcome measurements determined the use of a fixed or random effects method. When | 2
was > 50%, indicative of substantial heterogeneity, and the p-value from the Chi-squared
test was below 0.05, a random effects model was applied. The weight of each study, for its
effect on the pooled result, was determined by the sample size and confidence interval.
The effect sizes were classified as small (< 0.2), medium (0.2...0.8), or large (> 0.8).

A funnel plot was used to assess publication bias. Sensitivity analyses were conducted by
omitting low quality studies (single-blind studies and without concealed treatment allocation)
and studies with a crossover design to determine their influence on the effect size.

Analyses were performed with Review Manager, version 5.3.26

Results

Of 1,737 articles identified in the electronic database search, 38 were included in the
systematic review, involving a total of 1,074 subjects. The interrater reliability, measured
by Cohenes kappa, was 0.86, demonstrating almost perfect agreement. 2 Figure 5.1 shows
a flow diagram of the selection process.
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Figure 5.1: PRISMA flow chart.

Characteristics of the studies

Study characteristics are described in Table 5.1. All studies were designed as RCTs, and six
of these studies were designed as randomized controlled crossover studies. ?--33The real
and sham rTMS conditions of the crossover studies took place within the specific timeframes
(i.e. <1month, 1...3 months, 3...6 months, > 6 months post-stroke) and the wash-out periods
ranged from 30 minutes to >1 week. The mean patient age in the studies ranged from
4628 to 75%* years. Nineteen studies?®30:3335-5lincluded patients more than 6 months after
stroke onset; six?®52--5%petween 3 and 6 months after stroke, and twelve within 1 month after
stroke.31%23457--64The time between stroke onset and start of treatment varied from 6 days *’
to 4 years.*® Twenty-four studies were funded by grants from universities, governmental
agencies, hospitals or medical foundations. For fourteen studies it was either explicitly
mentioned that the work was not supported by any grant from the public or private sector

or that there was nothing to disclose financially, or information on funding was not available.
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Timing of rTMS onset for upper limb function

Treatment characteristics

Different TMS treatment protocols were used in the included studies. In 25 studies,
1 Hz rTMS was applied to the unaffected hemisphere, with 200...1,800 pulses per
SesSion 28:30---32,34,35,37...41,43...45,47,49...51,53,54,56,58.60.6 1.9 ree studies applied high-frequency rTMS
to the affected hemisphere with frequencies ranging from 5 Hz (500 and 1,000 pulses) to
20 Hz (2,000 pulses)®*4252 Intermittent TBS to the affected hemisphere with 600 or 1,200
pulses was applied in three studies.*6#8%* Seven studies applied a combination of low-
and high-frequency rTMS (ranging from 1 Hz to 10 Hz) or a combination of continuous
and intermittent TBS (ranging from 150 to 1,800 pulses) to the unaffected or affected
hemispheres respectively (crossover study design?262° low/high or continous/intermittent
group and sham group 3253:56:59.60)

In all studies the primary motor cortex was targeted, of which two studies also targeted the
premotor cortex. 24 One study was an exception, as only the P3 area (based on a 10/20
EEG system) was targeted>®

All studies used a figure-of-eight coil for real rTMS treatment. Sham stimulations were
executed with sham coils, tilted coils or real coils without stimulator output, or by vertex
stimulation. One study did not describe details of the sham rTMS. 4 The treatment protocol
period ranged from one session 2:29:81---33:38:4050t5 tyyenty-four sessions.%®

Ten different additional therapies were used in combination with the rTMS protocol. The
program of the therapy was not always defined, and conventional rehabilitation differed
between studies, e.g., conventional rehabilitation could consist of physical therapy and
occupational therapy, but could also involve functional task practice or passive limb
movement. Conventional rehabilitation (eleven studies) and physical therapy (eight studies)
were the most frequently applied additional therapeutic interventions. Virtual reality training,
reach to grasp training, a motor learning task and voluntary muscle contraction were used
in the other studies. For the studies with an outcome assessment three months post-stroke,
it was unclear if patients received the additional therapy (i.e. physical-, conventional- and
physiotherapy) also after rTMS. Seven studies did not report or included a therapeutic
intervention in addition to rTMS.

Outcome measurements

The arm/hand motor scales on which outcomes were assessed varied across the studies,
and some studies used multiple outcome measures. For meta-analysis, eight different
arm/hand motor scales were selected and classified as measures of (body) function: Fugl-
Meyer Arm (FMA), Reaching Time (RT), Grip Strength (GS), Tapping Frequency (TF) and
Pinch Force (PF)), or as measures of activity: Jebsen Taylor Test (JTT), Wolf Motor Function
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Test (WMFT) and Action Research Arm Test (ARAT). Measures of (body) function signify
measures of motor impairment.

The FMA was the most frequently used test in the included studies (n = 16), of which
five used this as the primary outcome measure.*447576 The other outcome measures
were less frequently used and a minority of the studies (n = 6) included the WMFT or TF
(Table 5.1)28:2938405051 Al| studies assessed the scales mentioned above before and after
treatment. More than half of the included studies (n = 21) had only a single post-intervention
measurement. The remaining studies included outcome measurements at multiple time-
points, up to one year ® after the intervention.

Methodological quality and risk of bias

Total scores on the PEDro scale for the included studies ranged from 44! to 10.3548:49.5153...58
There were no low quality studies (PEDro score 3). Eligibility criteria, random allocation,
between-group statistical comparisons, point estimates and measures of variability were
reported in all studies. Seventeen (45%) studies did not report if treatment allocation was
concealed, and in another seventeen studies the treating therapists were not blinded
(Table 5.2).

Meta-analysis

Subacute versus chronic treatment

When assessed with the FMA, the benefit of early treatment (< 1 month post-stroke) was
larger than that of treatment in the early subacute phase (1...3 months) and chronic phase
(Figure 5.2). Separate analyses indicated the difference between the different post-stroke
phases. The acute to early subacute phase (< 1 month) explicitly compared to the early
subacute (1...3 months) phase showed a significant subgroup difference in favor of the acute
to early subacute phase (p =.02). The acute to early subacute phase also showed a benefit
when compared to the chronic phase (p = .002) (Supplementary Figures S5.2.1...S5.2.3 in
Appendix 5.2). For the other scales, ICF function and activity measures, the effects of early
and late treatment did not differ (Supplementary Figures S5.3.1...55.3.8 in Appendix 5.3).
However, the ICF function measures RT and FT (Supplementary Figures S5.3.1 and S5.3.2
in Appendix 5.3) did show an overall positive effect of rTMS on upper limb function for
the early treatment group (FT), which was not observed when treatment was started later.
Sensitivity analysis showed minimal impact on the results after removal of the crossover,
single-blind and no treatment allocation studies (Appendix 5.4). The funnel plot showed
that the estimated treatment effects scattered around the total overall estimate of the
meta-analysis (Appendix 5.5). Asymmetry in the funnel plot is noticeable.

104



Timing of rTMS onset for upper limb function

TMS Sham Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% C| IV, Random, 95% CI
2.1.1 Acute to early subacute <1 month
Conforto et al, 2012 48 17.4 15 43.1 213 15 3.2% 4.90 [-9.02, 18.82)
Duetal, 2016 32.5035 15.5691 46 23.272 11.362 23 7.8% 9.23 [2.77, 15.70])
Hsu et al, 2013 15.8 4.9 6 8.5 14 6 10.3% 7.30(3.22, 11.38) - a—
Matsuura et al, 2015 58.4 9.12 10 53.1 11.58 10 5.6% 5.30[-3.84, 14.44) —
Zheng et al, 2015 52.99 9.11 58 40.12 1138 54 10.5% 12.87(9.03,16.71) —h
Subtotal (95% CI) 135 108 373% 9.316.27, 12.34] B
Heterogeneity: Tau® = 2.95; Chi’ = 5,32, df = 4 (P = 0.26); I’ = 25%
Test for overall effect: Z = 6.00 (P < 0.00001)
2.1.2 Early subacute 1-3 months
Hosomi et al, 2016 43.94 19.23 18 42,19 2176 21 3.6% 1.75[-11.12, 14.62]
Seniow et al, 2012 45 125 20 446 15 20 6.0% 0.40 [-8.16, 8.96)
Tosun et al, 2017 35.825 16.2256 16 332 19.9 9 2.8% 2.63[-12.61, 17.86]
Subtotal (95% CI) 54 50 12.4% 1.14 [-5.32, 7.59] ——eoiEe——
Heterogeneity: Tau® = 0.00; Chi* = 0.07, df = 2 (P = 0.96); F = 0%
Test for overall effect: Z = 0.35 (P = 0.73)
2.1.3 Chronic
Askin et al, 2017 244 20.66 20 2435 2029 20 3.7% 0.05 [-12.64, 12.74]
Barros et al, 2014 28.1 139 10 33 129 10 4.1% -4.90[-16.65,6.85) ¥——— ™ ——
Etoh et al, 2013 -0.5 10.59 9 35 1137 9 4.9% -4.00[-14.15,6.15] ——————————
Motamed Vaziri et al, 2014 26.5 2.88 12 23 4.83 12 112% 3.50[0.32, 6.68] "
Rose et al, 2014 4.6 33 9 3.9 1.2 10 12.0% 0.70 [-1.58, 2.98] =
Wang et al, 2014 8.1933 6.9133 30 03 1.2 14 11.7% 7.89 [5.34, 10.45]) F——
Ozkeskin et al, 2016 415 19.4 10 48.1 153 11 2.8% -6.60 [-21.64, 8.44)
Subtotal (95% CI) 100 86 50.3% 1.79 [-2.00, 5.59] R =
Heterogeneity: Tau® = 13.88; Chi’ = 23.21, df = 6 (P = 0.0007); F’ = 74%
Test for overall effect: Z = 0.93 (P = 0.35)
Total (95% CI) 289 244 100.0% 4.25 (1.39,7.11] S
Heterogeneity: Tau® = 16.47; Chi* = 48.51, df = 14 (P < 0.0001); V¥ = 71% 1o Ry 3 4 10
Test for overall effect: Z = 2.91 (P = 0.004) Favours [Sham] Favours [rTMS]

Test for subaroup differences: Chi* = 11.40. df = 2 (P = 0.003). F = 82.5%

Figure 5.2: Effects of rTMS on the FMA scale, comparing different treatment onset times. Estimates

of effect size are shown with 95% Cls. Final value and change scores combined as mean differences.
The mean difference (MD) and 95% confidence intervals (Cls); No studies within 3...6 months post-
stroke subgroup.

Function versus activity

There were no differences between the early and late treatment groups for studies
categorized as assessing ICF function (FMA, GS, FT and PF) and activity (JTT, ARAT and
WMFT) measures (Figures 5.3...5.4). A benefit of real rTMS was only observed when outcomes
were assessed with an ICF function measure (Figure 5.3). Sensitivity analysis showed minimal
impact on the results after removal of the crossover, single-blind and no treatment allocation
studies (Appendix 5.4).

Treatment within 1 month and outcome at 3 months
rTMS intervention within 1 month after stroke improved upper limb function at 3 months
(p < .0001; Figure 5.5) (ICF function measures: FMA and GS).

Other subgroup analyses

Subgroup analyses (number of treatment sessions, additional therapy, rTMS frequency/site of
stimulation) revealed statistically significant beneficial treatment effects on the ICF function
measures, but not on the ICF activity measures (Appendix 5.6). In the analysis in which the
number of treatment sessions was divided into different subgroups (1 session, 2...10 sessions,
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ICF Function

s Sham Std. Mean Difference Std. Mean Difference
Study or Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
3.1.1 Acute to early subacute <1 month
Conforto et al, 2012 48 17.4 is 43.1 213 15 3.8% 0.25 [-0.47, 0.96] —r——
Duetal, 2016 32.505 15.567 46 23.27 1136 23 4.7% 0.64 (0.13, 1.15] T
Hsuetal, 2013 15.8 49 6 8.5 14 6 1.7% 1.87 [0.42,3.32) —
Khedr et al, 2009 1.55 0.9318 24 14 0.9 12 3.9% 0.16 [-0.53, 0,85]) T
Khedr et al, 2010 4.1286 2.6162 28 5.5 21 16 4.2% -0.55(-1.18,0.08] 7
Uepert et al, 2007 9.3 15.8 12 3.4 89 12 3.4% 0.44 [-0.37, 1.26] 7
Matsuura et al, 2015 58.4 9.12 10 53.1 1158 10 3.1% 0.49 [-0.41, 1.38] —
Sasakietal, 2013 3.345 2.9339 20 0.6 0.7 9 3.3% 1.07 [0.23, 1.91] T
Zheng et al, 2015 52.64 9.11 58 3841 1138 54 5.1% 1.38 (0.96, 1.79] —
Subtotal (95% CI) 219 157 33.0% 0.58 [0.11, 1.05] o
Heterogenelty: Tau® = 0.37; Chi® = 33.18, df = 8 (P < 0.0001); I’ = 76%
Test for overall effect Z = 2.41 (P = 0.02)
3.1.2 Early subacute 1-3 months
Hosomi et al, 2016 43.94 19.23 18 42.19 2176 21 4.1% 0.08 [-0.55,0.71] C— e —
Lidemann-Podubecka et al, 2015 219.37 194.23 20 181.06 157.08 20 4.2% 0.21[-0.41, 0.83] =
Nowak et al, 2008 656 147 15 546 98 15 3.6% 0.86 (0.10, 1.61)
Seniow et al, 2012 45 125 20 446 15 20 4.2% 0.03 [-0.59, 0.65] e
Tosun et al, 2017 35.8125 16.2256 16 332 199 9 3.4% 0.14 [-0.67, 0.96) S
Subtotal (95% CI) 89 85 19.5% 0.23 [-0.07, 0.54] -
Heterogeneity: Tau® = 0.00; Chi* = 3.33, df = 4 (P = 0.50); F = 0%
Test for overall effect Z = 1.52 (P = 0.13)
3.1.3 Late subacute 3-6 months
Cha et al, 2016 15.27 4.82 15 123 3.03 15 3.7% 0.60 [-0.14, 1.33] 0 S ——
Emara etal, 2010 53.7 19.2105 40 45.1 144 20 4.5%  0.48([-0.07, 1.02] +—
Subtotal (95% C) 55 35 82% 0.52 [0.08, 0.96] g
Heterogeneity: Tau® = 0.00; Chi* = 0.07, df = 1 (P = 0.80); F* = 0%
Test for overall effect: Z = 2.33 (P = 0.02)
3.1.4 Chronic
Askin etal, 2017 24.4 20.66 20 2435 20.29 20 4.2% 0.00 [-0.62, 0.62] I E—
Barros et al, 2014 28.1 13.9 10 33 129 10 3.1%  -0.35[-1.23,0.53]
Etoh et al, 2013 -0.5 10.59 9 35 1137 9 2.9% -0.35(-1.28,0.59]
Higgins et al, 2013 6 3.6 4 5.6 24 5 1.9% 0.12 [-1.20, 1.44)
Lai et al, 2015 62.2 227 21 48.6 216 17 4.0% 0.60 [-0.06, 1.25] e
Motamed Vaziri et al, 2014 26.5 2.88 12 23 4.83 12 3.3% 0.85 [0.01, 1.69] Y s
Rose etal, 2014 4.6 33 9 39 1.2 10 3.0% 0.28 [-0.63, 1.18] I
Sankarasubramanian et al, 2017 -1,246.6 4423719 30 -1,382.2 4986 15 4.2% 0.29 [-0.33, 0.91] T
Takeuchi et al, 2005 120.13 145 10 115.87 9.78 10 3.1% 0.33 [-0.55, 1.21] —_—————
Takeuchi et al, 2008 111.46 7.87 10 97.23 6.37 10 2.5% 1.90 [0.81, 3.00] .
Wang etal, 2014 8.1933 6.9133 30 0.3 1.2 14 3.8% 1.34 [0.64, 2.04]
Ozkeskin etal, 2016 415 19.4 10 48.1 153 11 3.2% -0.36[-1.23,0.50] =
Subtotal (95% CI) 175 143 393% 0.38 [0.02, 0.75] <
Heterogeneity: Tau® = 0.23; Chi® = 25.81, df = 11 (P = 0.007); F = 57%
Test for overall effect: Z = 2.06 (P = 0.04)
Total (95% CI) 538 420 100.0% 0.43 [0.21, 0.65] -
Heterogeneity: Tau® = 0.20; Chi* = 67.90, df = 27 (P < 0.0001); F’ = 60% ) T 1
Test for overall effect Z = 3.86 (P = 0.0001) Favours [Sham] Favours [rTMS]

Test for subaroup differences: Chi’ = 2.00, df = 3 (P = 0.57). F = 0%

Figure 5.3: Effects of rTMS on the ICF Function domain, comparing different treatment onset times.
Estimates of effect size are shown with 95% Cls.

The standardized mean difference (SMD) and 95% confidence intervals (Cls); ICF Function measures:
Fugl-Meyer Arm, Grip Strength, Finger Tapping and Pinch Force.

and 11...20 sessions), improved upper limb function was found for all the different number
of treatment sessions on the ICF function measures (allp < .05) (Supplementary Figures
S5.6.1...S5.6.5 in Appendix 5.6). Subgroup analysis of rTMS alone and rTMS combined with
additional therapy showed significant effects on upper limb ICF function measures for both
rTMS treatment approaches (Supplementary Figures S5.6.6 and S5.6.7 in Appendix 5.6). In
another subgroup analysis, significant mean effect sizes were found for both low- and high
frequency rTMS (to the unaffected and affected hemispheres, respectively) (Supplementary
Figures S5.6.10 and S5.6.11 in Appendix 5.6). In all the subgroup analyses no significant
differences were found between different rTMS post-stroke onset times.
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™S Sham Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
4.1.1 Acute to early subacute <1 month
Conforto et al, 2012 -46.1 373 15 -463 386 15 6.0% 0.01 [-0.71, 0.72] e
Lidemann-Podubecka et al, 2016 55.62 4.73 10 57.36 5.4 10 4.9% -0.33[-1.21,0.56] - *
Pomeroy et al, 2007 5.17 3.71 6 4.14 5.73 7 3.8% 0.19 [-0.90, 1.29]
Zheng et al, 2015 51.8 113 21 447 15.1 21 6.8% 0.52 [-0.09, 1.14] b
Subtotal (95% CI) 52 53 214% 0.17 [-0.22, 0.55] e
Heterogeneity: Tau® = 0.00; Chi’ = 2.68, df = 3 (P = 0.44); F = 0%
Test for overall effect: Z = 0.85 (P = 0.39)
4.1.2 Early subacute 1-3 months
Lidemann-Podubecka et al, 2015 50.73 14.67 20 49.72 16.67 20 6.7% 0.06 [-0.56, 0.68] —_——
Seniow et al, 2012 475 20 20 47.6 23 20 6.7% -0.00 [-0.62, 0.62] —_—t
Subtotal (95% CI) 40 40 13.5% 0.03 [-0.41, 0.47] e
Heterogeneity: Tau® = 0.00; Chi’ = 0.02, df = 1 (P = 0.88); F = 0%
Test for overall effect: Z = 0.13 (P = 0.90)
4.1.3 Chronic
Ackerley et al, 2010 35.3 16.0755 20 343 14 10 5.7% 0.06 [-0.70, 0.82] _—
Ackerley et al, 2016 32 1.8 9 -0.4 0s 9 3.0% 2.46 [1.16, 3.76] =k
Avenanti et al, 2012 62 39 8 88 83 14 4.9% -0.35([-1.23,0.52] LSS T
Chang etal, 2012 160.11 1153 9 199.81 12151 8 4.4% -0.32[-1.28,0.64] — e
Etoh etal, 2013 4 16.22 9 4 16.27 9 4.6% 0.00 [-0.92, 0.92]
Fregni et al, 2006 94.6 60.4 10 1263 67.3 5 3.8% -0.48(-1.57,0.62] % ——fF——=
Higgins et al, 2013 75 248 4 63.8 27 5 2.9% 0.38 [-0.95, 1.72]
Laietal, 2015 54.1 13.4 21 45.9 116 17 6.4% 0.64 [-0.02, 1.29] T =
Malcolm et al, 2007 -8.7 9.1 9 -27.8 29.1 10 4.5% 0.83 [-0.12, 1.77] %
Rose etal, 2014 15 33 9 3.1 6.8 10 4.7% -0.28[-1.19,0.63] S
Theilig etal, 2011 1333 4.75 11 2092 8.85 13 5.0% -1.01[-1.87,-0.15] +——
Vongvaivanichakul et al, 2014 -94.1 221 7 -1145 286 7 3.8% 0.75 [-0.35, 1.84] = i
Wang et al, 2014 S 6.3397 32 0 0.1 14 6.4% 0.92 [0.27, 1.58] —_—
Ozkeskin et al, 2016 45.6 69.1 10 42 30.6 11 5.0% 0.07 [-0.79, 0.92] I —
Subtotal (95% CI) 168 142 65.2% 0.23 [-0.17, 0.62] B
Heterogeneity: Tau® = 0.33; Chi* = 33.80, df = 13 (P = 0.001); ¥ = 62%
Test for overall effect Z = 1.13 (P = 0.26)
Total (95% CI) 260 235 100.0% 0.17 [-0.09, 0.44] B ==
Heterogeneity: Tau® = 0.17; Chi® = 37.15, df = 19 (P = 0.008); F = 49% —‘l o5 0‘5 1
Test for overall effect: Z = 1.30 (P = 0.19) Favours [Sham] Favours (rTMs]

Test for subaroup differences: Chi’ = 0.44, df = 2 (P = 0.80). F" = 0%

Figure 5.4: Effects of rTMS on the ICF Activity domain, comparing different treatment onset times.
Estimates of effect size are shown with 95% Cls.

The standardized mean difference (SMD) and 95% confidence intervals (CIs); No studies within 3...-6
months post-stroke subgroup; ICF Activity measures: Jebsen Taylor Test, Action Research Arm Test
and Wolf Motor Function Test.

™S Sham Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Fixed, 95% CI 1V, Fixed, 95% CI
Duetal, 2016 49.61 13.0715 46 36.35 11.43 23 32.7% 1.04 [0.51, 1.58] —_—
Khedr etal, 2009 1.917 0.9 24 1.583 0.793 12 18.9% 0.38 [-0.32, 1.08] -1 *
Khedr etal, 2010 -2.825 2.7382 32 -4.73 243 16 24.2% 0.71 [0.09, 1.33) —
Seniow et al, 2012 55.6 16 20 54 22 20 24.1% 0.08 [-0.54, 0.70] -
Total (95% CI) 122 71 100.0% 0.60 [0.30, 0.91] >
Heterogeneity: Chi’* = 5.88, df = 3 (P = 0.12); I = 49% jz + + +

Test for overall effect: Z = 3.90 (P < 0.0001) Favou-r: [Sham] Favours [rTMS]

Figure 5.5: Effects of rTMS applied at 1 month with outcome assessment at 3 months post-stroke.
Estimates of effect size are shown with 95% Cls.

The standardized mean difference (SMD) and 95% confidence intervals (Cls); ICF Function measures:
Fugl-Meyer Arm and Grip Strength.

Discussion

This systematic review and meta-analysis demonstrate that rTMS within one month after
stroke leads to greater improvement on the FMA than rTMS applied after one to three
months or after six months. In addition, independent from treatment onset time, rTMS seems
to have a positive effect on upper limb function if assessed with tests that targeted (body)
function specifically, which was not evident with tests assessing activity. Lastly, when rTMS
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treatment was started in the first month after stroke, upper limb function was still improved
at three months after stroke, the time of outcome assessment in most acute stroke trials.

Timing of rTMS treatment onset after stroke

The beneficial effect of rTMS, applied within one month after stroke, on the FMA score
have not been previously described. In an earlier systematic review and meta-analysis of
rTMS after stroke, which also evaluated the arm/hand motor scales separately for upper
limb function, no effect of rTMS followed by upper limb training on motor outcome
measures, including the FMA, was found.** However, this systematic review included only
eight studies and patients treated within one month after stroke were excluded. A recent
randomized sham-controlled trial (n = 199) that was published after the search period of
our meta-analysis found no difference between active and sham rTMS treatment groups,
combined with motor training, on the FMA (nor on the ARAT or WMFT). This lack of
difference may be attributed to the inclusion of patients beyond 3 months after stroke.
The results from our meta-analysis also differ from findings from a recent meta-analysis of
tDCS treatments after stroke, in which increased capacity of activities of daily living (ADL),
but not increased arm function, measured by the FMA, were reported after tDCS. ¢ A
reason for the discrepancy between these results and our findings may be the difference
in included post-stroke time points (ranging between 3 days up to 8 years post-stroke for
the meta-analysis of tDCS treatments). The discrepancy could also be attributed to the
different mechanisms underlying cortical excitability changes after rTMS and tDCS. TMS
can directly induce action potentials, whereas tDCS does not evoke action potentials but
modifies neuronal membrane polarization. % This can result in different neuromodulatory
responses between rTMS and tDCS stimulated neural networks. Another explanation might
be that the improvement in ADL capacity is not a reflection of improvement in arm function
but of generalized treatment effects. In addition, patients with a non-functional arm may
be independent in ADL. ™

Body function measures

The FMA, a measure of body function, has recently been recommended as a primary
outcome measure for intervention trials targeting the upper limb throughout different
phases after stroke.”"> While rTMS improved FMA scores specifically when applied in the
first month, this effect was not observed for other body function measures. This may at least
partly be explained by the higher number of studies that assessed upper limb function with
the FMA (n = 15) than with the other body function measures (RT, FT, GS and PF) (n 8).
Consequently, the low numbers of patients (sample sizes: 6...60) in studies that used other
measures and no power calculations may have led to insufficient power to detect differences.
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Another possible explanation may be that the FMA assesses multiple components of the
upper limb, such as the shoulder, elbow, wrist, hand, fingers and coordination, and is
based on the different sequential stages of motor recovery. According to the FMA stages
of recovery (based on the Brunnstrom Approach), basic synergy patterns appear in one of
the first stages, and points can be awarded in each stage. ”® By contrast, other body function
measures assess or focus on fine motor control, and points are only awarded when the
patient can move freely from the synergy pattern. Consequently, some patients will not be
able to perform the fine motor tasks assessed with these scales and possible improvements
in distal musculature cannot be captured. However, if rTMS treatment started in the chronic
phase post-stroke and outcome was assessed with measures at ICF function level, other
than the FMA, these patients displayed a favorable response to the treatment. It is possible
that these patients developed compensatory movements to accomplish the function tests,
e.g., by using additional trunk movements. 47

Comparisons to previous studies

Two earlier meta-analyses also performed a subgroup analysis for rTMS effects at different
times after stroke.2%® These analyses also showed more pronounced effects of rTMS applied
in the (sub)acute phase (2 weeks to 6 months) than in the chronic phase (> 6 months)
post-stroke. However, these meta-analyses pooled studies with outcome measures at
different levels of ICF (i.e. function and activity), which increases methodological variation.

Furthermore, not all findings were corrected for multiple comparisons 7 and few studies
selectively included patients at specific post-stroke stages. ¥°

Earlier meta-analyses have considered the potential influence of rTMS frequency/site of
stimulation, % number of sessions and upper-limb training ** on upper limb function.
Two meta-analyses revealed more pronounced effects on upper limb function following
low-frequency rTMS to the unaffected hemisphere as compared to high-frequency rTMS
to the affected hemisphere. 1°7® Low-frequency rTMS protocols have been more frequently
used than high-frequency protocols to promote upper limb recovery, throughout the
different post-stroke phases. In the current meta-analysis, both the low- and high-frequency
studies revealed significant effects on upper limb function measured by ICF function
measures. Outcome measures have not previously been categorized according to their
measurement level (ICF) in meta-analyses. Prior studies had shown that five rTMS sessions
have the most beneficial effects on upper limb function compared to a single session or
more than ten sessions.’® In contrast to these findings, our subgroup analyses showed that
there were significant beneficial effects on ICF function measures for varying amount of
treatment sessions (i.e. single treatment session, 2...10 or 11...20 sessions), however this
finding is based on few studies within the different phases of treatment onset post-stroke.
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Regarding additional therapy next to rTMS treatment, one study did not find support that
the combination of rTMS with upper-limb training would be more beneficial on upper limb
function than upper-limb training alone. * In our analysis, additional therapy combined
with rTMS was found to have a similar effect as rTMS alone. However, the effect of specific
types or intensity of additional therapy, paired with rTMS, has not been investigated yet.

Outcome measure selection

To effectively capture the multidimensional aspects of post-stroke dysfunction and recovery,
it has been recommended to measure outcome at different levels of function, activity and
participation (ICF model).” Outcome measures at the level of function are more directly
linked to stroke-related brain changes as compared to outcome measures at the level of
activity, which are also strongly affected by cognitive, environmental and personal factors. &7
This could explain why we found no effect of rTMS treatment on activity outcome measures.
High heterogeneity and wide confidence intervals of effect sizes were found for some
analyses on activity outcome measures, which could also account for the absence of rTMS
effects in activity.

It is important that the selected outcome measures within a trial reflect the underlying
rationale or mechanism of the intervention under study. Furthermore, interventions targeted
at one or more specific parts of the upper limb (i.e. arm, hand, shoulder) should select an
outcome measure that is capable of specifically assessing effects on those parts or subtest
scores of an outcome measure should be reported to indicate at what level of the upper
limb the most significant effects occur. However, for several tests it is not entirely clear to
which ICF domain they belong. For example, some outcome measures at activity level
(e.g. ARAT and WMFT) also contain a number of test items at function level and vice versa.
Effects of interventions which directly influence neural activity, such as rTMS, are probably
best assessed with outcome measures that are able to capture the neural recovery process.
For motor function, this may be achieved with the FMA. In addition, inclusion of arm/hand
motor scales at the level of activity and participation as secondary outcomes can be valuable
to evaluate if treatment effects generalize to daily life. Objective kinematic measurements
may offer a valuable addition to the existing and widely used outcome measures. These
guantitative assessments can provide more detailed insights into key components of motor
recovery, such as individual finger movements, smoothness of reaching, force control and
trunk displacement.”®”® A combination of outcome measures at different ICF domains,
including the use of kinematic measures, can also prevent a patient from becoming
discouraged if the performance on a particular test fails.
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Study strengths and limitations

The beneficial effect of rTMS applied in the acute to early subacute phase post-stroke is
in agreement with theories on a critical time window post-stroke for obtaining recovery-
enhancing effects.** Our review showed that when rTMS was applied in the first month
after stroke, a beneficial effect on upper limb function could still be measured at three
months post-stroke. A three-month post-stroke assessment has been recommended by
the Stroke Recovery and Rehabilitation Roundtable for stroke recovery trials, especially
when interventions target neural repair processes, which may be most prevalent during
this timeframe.™ In addition, assessment after six months can inform on outcome at a stage
when spontaneous recovery often reaches a plateau, particularly in more severe strokes.®

There are limitations in our review and meta-analysis that need to be reported. Firstly, since
our study was dependent on the type and quality of the data in the individual studies, risks
of bias that could lead to inflation of the effect size estimates should be acknowledged.
Therefore, the results need to be interpreted with caution. There were some examples of
risk of bias. In some subgroup analyses only one study was representative of a subgroup.
Heterogeneities in the results of the individual studies included in the main analyses were
large, as suggested by funnel plot asymmetry. Measurement of effect sizes of treatment
was often based on a mixture of change scores and final scores. However, unpublished
studies with negative findings may have been missed due to publication bias, may also
have led to funnel plot asymmetry. The methodological quality of the studies was fair to
excellent, but almost half of the studies were single-blind and did not conceal the treatment
allocation or describe the allocation procedure. Nevertheless, our sensitivity analyses
showed no significant changes in results when those studies were excluded. Also, we
might have missed relevant studies published in non-English languages. Another potential
source of bias in clinical research is the type of funding or sponsorship. Although none of
the studies were funded by an industrial partner, bias can also result from non-commercial
funding sources with specific interests. Secondly, because of the large variations in the
study populations, we could not examine possibly confounding effects of differences in
demographic and stroke-related characteristics between the studies. Age, gender, level
of cognition, depression, severity of impairment and physical activity are examples of
confounders that could influence motor performance. Thirdly, due to the limited data we
could not adequately account for differences in rTMS protocols and frequencies/sites of
stimulation, experimental designs, additional therapy, motor scores (e.g. FMA subscores,
clinical versus kinematic measures), and patient inclusion criteria. We focused on effects of
rTMS applied at different times post-stroke, whereby investigating the role of (intensity of)
additional therapy such as virtual reality therapy and functional task practice, and single
rTMS sessions could not be performed.
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Conclusions

rTMS treatment within the first month after stroke seems more beneficial in increasing
upper limb function than after 1...3 months or in the chronic phase post-stroke (> 6 months).
Improvements after rTMS can most likely be detected with outcome measures assessing
body functions, like the FMA score, than tests at the level of activity (e.g. JTT, ARAT).
However, ITMS treatment studies in stroke patients are highly heterogeneous, with varying
outcome measures and relatively small sample sizes. Another source of uncertainty is that
we are unable to identify whether improved outcomes were primarily caused by rTMS per
se or by rTMS in combination with an additional therapy (of a certain intensity). Further
research and international cooperation should be undertaken to develop a standardized,
core set of measurements for testing upper limb function. We recommend to conduct
measurements at the different levels of function, activity (and participation). Future studies
should incorporate these standardized tests, include a follow-up measurement at three
months after stroke onset (if the trial starts within one month post-stroke), and report their
findings in a uniform manner (e.g. using final scores or change scores, and subtest scores).
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Appendix 5.1 Search strategy

Embase

ecerebrovascular accidents/exp

ebrain ischemias/exp

brain hemorrhages/exp

ecerebrovascular accidents OR ecerebral ischemias OR ecerebral ischaemias OR ebrain
ischemias OR <brain ischaemiae OR <brain infarctione OR eintracranial hemorrhages OR
eintracranial haemorrhage* OR eintracerebral hemorrhagee OR eintracerebral haemorrhages
OR eintracranial embolisme OR eintracranial thrombuse OR slacunar infarcte OR slacunar strokee
OR epost strokes OR poststrokes OR <brain vascular accidente OR scerebral infarcts OR <brain
hemorrhages OR <brain haemorrhages

AND

stranscranial magnetic stimulatione/exp
*Transcranial Magnetice OR erepetitive transcraniale OR erTMSe OR ¢TBSe OR etheta burste

AND

eupper limbs/exp OR
eupper limb functione OR eupper extremitys OR eupper extremitiese OR earme OR sarmse OR
*hande OR ¢handse or *paresiss OR sparesese

Pubmed

((Transcranial Magnetic StimulationZ[Mesh] OR
Transcranial Magnetic[Title/Abstract] OR
repetitive transcranial[Title/Abstract] OR
rTMS[Title/Abstract] OR

TBS[Title/Abstract] OR

theta burst[Title/Abstract] OR

paired pulse magnet*[Title/Abstract] OR

paired pulse tms[Title/Abstract] OR

paired associative[Title/Abstract])

AND

(+StrokeZ[Mesh] OR <Brain IschemiaZ[Mesh] OR
sIntracranial HemorrhagesZ[Mesh] OR
stroke[Title/Abstract] OR

CVA[Title/Abstract] OR

CVAg|[Title/Abstract] OR
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cerebrovascular accident*[Title/Abstract] OR
cerebral ischemia*[Title/Abstract] OR
cerebral ischaemia*[Title/Abstract] OR

brain ischemia*[Title/Abstract] OR

brain ischaemia*[Title/Abstract] OR

brain infarction*[Title/Abstract] OR
intracranial hemorrhage*[Title/Abstract] OR
intracranial haemorrhage*[Title/Abstract] OR
intracerebral hemorrhage*[Title/Abstract] OR
intracerebral haemorrhage*[Title/Abstract] OR
intracranial embolism*[Title/Abstract] OR
intracranial thromb*[Title/Abstract] OR
lacunar infarct*[Title/Abstract] OR

lacunar stroke*[Title/Abstract] OR
poststroke[Title/Abstract] OR

post stroke[Title/Abstract] OR

brain vascular accident*[Title/Abstract] OR
cerebral infarct*[Title/Abstract] OR

brain hemorrhage*[Title/Abstract] OR

brain haemorrhage*[Title/Abstract]))

AND

(*Upper ExtremityZ[Mesh] OR

upper extremit*[Title/Abstract] OR
arm[Title/Abstract] OR arms[Title/Abstract] OR
hand[Title/Abstract] OR hands[Title/Abstract] OR
ParesisZ[Mesh] OR paresis[Title/Abstract] OR
pareses[Title/Abstract])

Cochrane Library

cerebrovascular accident or cerebral ischemia or cerebral ischaemia or brain ischemia or
brain ischaemia or brain infarction or intracranial hemorrhage or intracranial haemorrhage
or intracerebral hemorrhage or intracerebral haemorrhage or intracranial embolism or

intracranial thrombus or lacunar infarct or lacunar stroke or post stroke or poststroke or brain

vascular accident or cerebral infarct or brain hemorrhage or brain haemorrhage

Transcranial Magnetic or repetitive transcranial or rTMS or TBS or theta burst

Upper Extremity or upper extremit* or arm or arms or hand or hands or Paresis or paresis
or pareses or upper limb*
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Appendix 5.2 Effects of rTMS on the FMA scale

rTMs Sham Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI 1V, Fixed, 95% CI
1.1.1 Acute to early subacute <1 month
Conforto et al, 2012 48 17.4 15 43.1 213 15 2.7% 4.90[-9.02, 18.82]
Duetal, 2016 32.5035 15.5691 46 23.272 11.362 23 12.4% 9.23 [2.77, 15.70]
Hsu etal, 2013 15.8 4.9 6 8.5 14 6 3L1% 7.30[3.22, 11.38] —_—
Matsuura et al, 2015 58.4 9.12 10 53.1 1158 10 6.2% 5.30 [-3.84, 14.44) 7
Zheng et al, 2015 52.99 9.11 58 40.12 11.38 54 35.2% 12.87[9.03, 16.71] —
Subtotal (95% CI) 135 108 B7.6% 9.60 [7.17, 12.03] -

Heterogeneity: Chi* = 5.32, df = 4 (P = 0.26); I = 25%
Test for overall effect: Z = 7.74 (P < 0.00001)

1.1.2 Early subacute 1-3 months

Hosomi et al, 2016 43.94 19.23 18 42,19 21.76 ral 3.1% 1.75[-11.12, 14.62]
Seniow et al, 2012 45 12.5 20 44.6 15 20 7.1%  0.40 [-8.16, 8.96]
Tosun etal, 2017 35.825 16.2256 16 33.2 19.9 9 2.2% 2.63 [-12.61, 17.86]
Subtotal (95% CI) 54 50 12.4% 1.14 [-5.32, 7.59] il

Heterogeneity: Chi* = 0.07, df = 2 (P = 0.96); I’ = 0%
Test for overall effect: Z = 0.35 (P = 0.73)

Total (95% CI) 189 158 100.0% 8.55 [6.27, 10.82] R
Heterogeneity: Chi’ = 11,17, df = 7 (P = 0.13); P = 37% o Y ¢ 4 150
Test for overall effect: Z = 7.36 (P < 0.00001) Favours [Sham) Favours [rTMS]
Test for subaroun differences: Chi* = 5.78. df = 1 (P = 0.02). I = 82.7%

Figure S5.2.1: Effects of rTMS on the FMA scale, comparing the acute to early subacute (< 1 month)
and early subacute (1...3 months) treatment onset times.
Estimates of effect size are shown with 95% Cls. MD: mean difference; Cls: 95% confidence intervals.

rTMS Sham Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
2.1.1 Acute to early subacute <1 month
Conforto et al, 2012 48 17.4 15 43.1 213 15 3.8% 4.90[-9.02, 18.82] +
Du etal, 2016 32.5035 15.5691 46 23.272 11.362 23 9.0% 9.23 [2.77, 15.70]
Hsu et al, 2013 15.8 4.9 6 8.5 1.4 6 11.6% 7.30[3.22,11.38] — e
Matsuura et al, 2015 58.4 9.12 10 53.1 11.58 10 6.5% 5.30 [-3.84, 14.44] —T
Zheng et al, 2015 52.99 9.11 58 40.12 11.38 54 11.8% 12.87[9.03,16.71] oy
Subtotal (95% CI) 135 108 42.7% 9.31 [6.27, 12.34] .
Heterogeneity: Tau® = 2.95; Chi® = 5.32, df = 4 (P = 0.26); I = 25%
Test for overall effect: Z = 6.00 (P < 0.00001)
2.1.3 Chronic
Askin et al, 2017 24.4 20.66 20 2435 20.29 20 4.3% 0.05[-12.64, 12.74]
Barros et al, 2014 28.1 13.9 10 33 12.9 10 4.8% -4.90 [-16.65,6.85] ¥
Etoh et al, 2013 -0.5 10.59 9 3.5 1137 9 5.8% -4.00([-14.15,6.15) —————————— 11—
Motamed Vaziri et al, 2014 26.5 2.88 12 23 4.83 12 12.5% 3.50 [0.32, 6.68] =
Rose etal, 2014 4.6 3.3 9 3.9 1.2 10 13.3% 0.70 [-1.58, 2.98] I
Wang et al, 2014 81933 6.9133 30 0.3 1.2 14 13.1%  7.89(5.34, 10.45] -
Ozkeskin et al, 2016 415 19.4 10 48.1 15.3 11 3.4% -6.60 [-21.64, 8.44]
Subtatal (95% Cl) 100 86 57.3%  1.79 [-2.00,5.59] —~—
Heterogeneity: Tau’ = 13.88; Chi’ = 23.21, df = 6 (P = 0.0007); I’ = 74%
Test for overall effect: Z = 0.93 (P = 0.35)
Total (95% CI) 235 194 100.0% 4.61[1.44, 7.77] i
Heterogeneity: Tau’ = 18.17; Chi’ = 47.11, df = 11 (P < 0.00001); I = 77% R 4 It
Test for overall effect: Z = 2.85 (P = 0.004) Favours [Sham] Favours [rTMS]

Test for subaroup differences: Chi* = 9.17. df = 1 (P = 0.002). ' = 89.1%
Figure S5.2.2: Effects of rTMS on the FMA scale, comparing the acute to early subacute (< 1 month)

and chronic (> 6 months) treatment onset times.
Estimates of effect size are shown with 95% Cls. MD: mean difference; Cls: 95% confidence intervals.
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rTMs Sham Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean  SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
3.1.2 Early subacute 1-3 months
Hosomi et al, 2016 43.94 19.23 18 42.19 21.76 21  4.8% 1.75([-11.12, 14.62]
Seniow et al, 2012 45 12.5 20 446 15 20 B8.7% 0.40 [-8.16, 8.96)
Tosun et al, 2017 35.825 16.2256 16 33.2 199 9 3.7% 2.63 [-12.61, 17.86]
Subtotal (95% CI) 54 50 17.2% 1.14 [-5.32, 7.59] | ——sEiEmee—

Heterogeneity: Tau’ = 0.00; Chi’ = 0.07, df = 2 (P = 0.96); I' = 0%
Test for overall effect: Z = 0.35 (P = 0.73)

3.1.3 Chronic

Askin etal, 2017 24.4 20.66 20 24.35 20.29 20 4.9% 0.05 [-12.64, 12.74]

Barros etal, 2014 28.1 139 10 33 129 10 5.6% -4.90 [-16.65, 6.85]

Etoh et al, 2013 -0.5 10.59 9 3.5 11.37 9 6.9% -4.00([-14.15,6.15] ———————— 1
Motamed Vaziri et al, 2014 26.5 2.88 12 23 4.83 12 19.4% 3.50 [0.32, 6.68] e

Rose etal, 2014 4.6 3.3 9 39 12 10 21.4% 0.70[-1.58, 2.98] -

Wang et al, 2014 8.1933 69133 30 0.3 1.2 14 20.8%  7.89[5.34, 10.45] ——
Ozkeskin et al, 2016 415 19.4 10 481 153 11  3.7% -6.60[-21.64, 8.44]

Subtotal (95% CI) 100 86 B2.B% 1.79 [-2.00, 5.59]

Heterogeneity: Tau® = 13.88; Chi® = 23.21, df = 6 (P = 0.0007); I’ = 74%
Test for overall effect: Z = 0.93 (P = 0.35)

Total (95% CI) 154 136 100.0% 1.89 [-1.27, 5.06]
Heterogeneity: Tau® = 10.84; Chi’ = 23.72, df = 9 (P = 0.005); I’ = 62% 71'0 7'5 3 5' 1'0
Test for overall effect: Z= 1.17 (P = 0.24) Favours [Sham] Favours [rTMS)

Test for subaroup differences: Chi’ = 0.03. df = 1 (P = 0.86). I’ = 0%
Figure S5.2.3: Effects of rTMS on the FMA scale, comparing the early subacute (1...3 months) and

chronic (> 6 months) treatment onset times.
Estimates of effect size are shown with 95% Cls. MD: mean difference; Cls: 95% confidence intervals.
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Appendix 5.3 Effects of rTMS on different scales comparing
different treatment onset times

Figure S5.3.1: Effects of rTMS on the Reaching Time (RT) scale, comparing different treatment onset

times.
Estimates of effect size are shown with 95% Cls. SMD: standardized mean difference; Cls: 95%

confidence intervals.

3.1.3 Chronic

Higgins etal, 2013 75 24.8 4 638 27 5 1.6% 11.20 [-22.72, 45.12] *
Lai et al, 2015 54.1 13.4 21 459 116 17 12.9% 8.20 (0.25, 16.15) e
Rose et al, 2014 1.5 33 9 3.1 6.8 10 17.6% -1.60 [-6.33, 3.13] ——

Theilig et al, 2011 13.33 475 11 2092 B8.85 13 16.3% -7.59(-13.16, -2.02] —*—

Wang et al, 2014 5 6.3397 32 0 0.1 14 20.9% 5.00 [2.80, 7.20] -

Subtotal (95% CI) 77 59 69.3% 1.16 [-4.94, 7.27] -
Heterogeneity: Tau® = 32.82; Chi* = 22.54, df = 4 (P = 0.0002); I’ = 82%

Test for overall effect: Z = 0.37 (P = 0.71)

Total (95% CI) 138 120 100.0% 1.76 [-2.65,6.17] ?
Heterogeneity: Tau’ = 22.94; Chi* = 23.92, df = 7 (P = 0.001); F = 71% p r— 10

Test for overall effect: Z = 0.78 (P = 0.43) Favours [Sham] Favours [rTMS)

Test for subaroup differences: Chi’ = 1.65, df = 2 (P = 0.44), I = 0%

Figure S5.3.2: Effects of rTMS on the Finger Tapping (FT) scale, comparing different treatment onset

times.
Estimates of effect size are shown with 95% Cls. SMD: standardized mean difference; Cls: 95%

confidence intervals.
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A Number of treatment sessions
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B Additional therapy
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C rTMS frequency/site of stimulation
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142

To the best of our knowledge, this is one of the first clinical trials evaluating the
effect of theta burst stimulation on motor function in patients with subacute stroke

(within 2 weeks);

Long-term follow-up period up to 1 year after stroke onset, enabling assessment

of durability of treatment effects;

Multiple, different outcome measures, including motor function, activities of daily
living, and neural network activity;

Participants are blinded to their allocated treatment group throughout the trial, but

study personnel are only blinded for the primary outcome measurement at 3 months.
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Study protocol B-STARS

Study design *

Time since
stroke, in weeks Patient in UMCU/ 1 Eligibility assessment
0..2 De Hoogstraat (inclusion/exclusion)

1...3 days before ] Randomisation, sensorimotor
intervention function tests, diagnostic TMS, MRI
scan*

10 days rTMS
intervention TBS (real versus sham)

10th day of )
intervention Primary outcome measure

1 week after Sensorimotor function tests,

T2 intervention | diagnostic TMS, MRI scan*

T3 1 month _after Sensorimotor function tests,
intervention diagnostic TMS

T4 3 months after

. . Sensorimotor function tests,
intervention

diagnostic TMS, MRI scan*

T5 6 months after

. i Sensorimotor function tests,
intervention

diagnostic TMS, MRI scan*

T6 1 year after

: . Sensorimotor function tests,
intervention

diagnostic TMS, MRI scan*

*MRI scans are optional

145



Chapter 6

Study population

Randomisation
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Intervention

Outcome measures
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Instrument

Action Research Arm Test
(ARAT)(primary outcome
INCESIE)]

Stroke Upper Limb
Capacity Scale (SULCS)

Jebsen Taylor Test (JTT)

Stroke Impact Scale (SIS;
hand function subscale

+ sthermometere of well-
being)

Hospital Anxiety and X X X X
Depression Scale (HADS)
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Instrument

Corticospinal excitability and Diagnostic TMS
intracortical inhibition

Data management
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Study protocol B-STARS

Statistics

Instrument TO Treatment T1 T2

Barthel Index

Age, gender,
education, marital
status, ethnicity, work
status, handedness

Type of stroke, stroke X
severity (NIHSS), side
affected limb

T3 T4 T5 T6
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Ethics and dissemination

152



Study protocol B-STARS

153



Chapter 6

154



Study protocol B-STARS

155



Chapter 6

156



Study protocol B-STARS

Inclusion criteria

Exclusion criteria

Addition of skilled reaching task

Single-pulse TMS substituted by grid measurements
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Stroke survivorse experiences of rTMS for upper limb recovery
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Design

Participants
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Stroke survivorse experiences of rTMS for upper limb recovery

Data collection

Data analysis
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Stroke survivorse experiences of rTMS for upper limb recovery
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Chapter 7

Patient experiences with the treatment Subthemes

Participation in an RCT

1. Patientss experiences with the treatment

1.1a Experienced physical effects



Stroke survivorse experiences of rTMS for upper limb recovery

1.1b Comfort
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1.1c Therapeutic relationship

1.1d Receiving information

170



Stroke survivorse experiences of rTMS for upper limb recovery

1.1e Learning about the brain

1.1f No burden of added TMS treatment session

1.1g No unpleasant aspects
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1.2a Effects of stimulation of the brain

1.2b Equipment (chair and coil)
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Stroke survivorse experiences of rTMS for upper limb recovery

1.2c Logistics

2. Participation in an RCT
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2.2a Grateful

2.2b Sense of purpose
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Stroke survivorse experiences of rTMS for upper limb recovery

2.2c Recovery as extra motivation to exercise

2.2d Disappointment and hope of group allocation

2.3a Personal bene“t and cognitions
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2.3b Altruism
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Stroke survivorse experiences of rTMS for upper limb recovery

Bene“ts and concerns related to rTMS treatment
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Stroke survivorse experiences of rTMS for upper limb recovery

Bene‘ts and concerns related to participation in an RCT
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Limitations

Clinical implications and directions for future research
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Conclusions
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Stroke survivorse experiences of rTMS for upper limb recovery

Topics interviews
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Reported
Process Criteria in chapter
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General discussion

Translational research
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Patient-reported outcome

194



General discussion
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Treatment timing
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General discussion

Outcome measurement
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Treatment dosage

Trial optimization
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General discussion

Patient participation
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Treatment implementation

Study population and design
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General discussion

Outcome measures
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Develop a core, standardized set of measurements at“  xed time-points post-stroke ... at
the function, activity and participation levels of ICF

Use outcome measures that differentiate between true recovery and compensation

202



General discussion

Add PROMSs to a core, standardized set of measurements

Offer and make therapy and monitoring for arm recovery also available after three
months post-stroke

Implement rTMS treatment in stroke rehabilitation ... if proven effective

Add short moments of relaxation to stroke inpatient rehabilitation programs
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Summary

Part | Understanding and assessment of post-stroke impairment and recovery
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Summary

Part Il Aiming for optimal recovery ... non-invasive brain stimulation in the rehabilita-
tion of stroke
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Samenvatting

Deel | Beperkingen en herstel na een beroerte

218



Samenvatting

Deel Il Streven naar optimaal herstel ... niet-invasieve hersenstimulatie in de revalidatie
na een beroerte
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De deelnemers

Promotiecommissie
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Onderzoeksteam
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Collegass

Vrienden en familie
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